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Preface to First Edition 

The discovery, in the third decade of the present century, of 
the utility of “ short ” waves for world-wide communication, 
in which amateur workers can claim a lai|[e share of the credit, 
produced a revolutionary change in the science of wireless 
and had a profound influence, both technical and economic, 
on world communication. 

The introduction of short wave beam methods enabled 
wireless, which had up to this time only carried a very small 
percentage of the world’s long distance communications, to 
offer a high-speed telegraph service in most ways vastly 
superior to that of the older methods and at a very much 
smaller capital cost. In addition, it provided the only means 
so far developed for commercial trans-oceanic telephony. 

In presenting a book on the principles of short wave wireless 
communication, it is the aim pl the authors to fill an obvious 
gap in current literature and supply a text-book which shall 
satisfy the needs not only of engineers and telegraphists en- 
gaged in wireless, but cater for the scientific amateur and those 
who have already an outline knowledge of long waf e working, 
such, as may be gained by reading any elementary text-book 
on the subject. 

Although the book deals especially with short w&ve com- 
munication, the field has not been restricted entirely to tke 
peculiarities of short waves. A self-contained treatise has 
bemi aimed at, principles common both to long and short 
waves being introduced where the matter is necessary for the 
dearer explanation of the main subject. 

The authors wish to pay tribute to the genius of C. S. Frank* 
lin, who from the earliest days of wireless has contributed so 
mndi to its progress in every field of action, and has played 
sudi a gieuit paitt in dia suooecisful utilisation of shmrt waves, 
His brilliant work fir the development of the Beam and gnidfii| 
it to aoDcesssfiould alone be sufficient to enamre him an honoured 
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place in the history of communication engineering, and this 
represents but a small fraction of his contribution to the art. 

In a book of this nature it is not possible to show adequate 
appreciation to our numerous friends who have supplied 
information, but we wish to make the following aoknow* 
lodgments. 

Firstly to Mr, Andrew Gray, until recently Technical 
General Manager of Marconi’s Wireless Telegraph Co., Ltd., 
but for whose encouragement and kindly interest this book 
would not have been written. To Mr. T. L. Eckersley, who 
has been most helpful, and whose researches have supplied 
the bulk of the material for Chapter IV. To Mr.'N. Wells, who 
has kindly checked the chapters on Transmitters, Feeders, 
Modulation and Aerials, and made many helpful suggestions. 
To Mr. Norman C. Stamford, who has assisted generally with 
the preparation of the book, and in the careful checl^g of 
the final manuscript. 

To Marconi’s Wireless Telegraph Co., Ltd., who have 
supplied much information and permitted the publication of 
the same, and to Mr. H. M. Dowsett for his light use of the 
Censor’s pencil. Certain portions of the chapters on Modula- 
tion and Polar Diagrams of Aerial Arrays have previously 
appeared in the Marconi Beview, and our thanks are due to 
the Editor for permission to republish. Thanks are also due 
for the loan of several blocks. 

’To the Imperial and International Communications Co., 
Ltd., for permission to publish information concerning their 
stations ; particularly to Mr. J. Brown, Engineer-in-Charge 
of the Somerton Station, Mr. P. J. Woodward for information 
on the swinging of beams, and Mr. B. Keen for information 
regarding frequency measuring equipment. 

To Standard Telephones and Cables, Ltd., for informaticHi 
supplied on th^ transmitters, array systemsi and receivers. 

To tile Institute of Radio Engineers (X7.S.A.) for'permissicm 
to make use of papers which have appeared in their Journal, 
and to Messns. Beverage and Ceurter, of the Radio Coorporation 
d Ammiea, for checking the descripticm d R.O.A. apparatus. 

Our special thanks are due to Miss E. M. Elliot and lOss ^ 
Twaa for their great care in tiie preparathm of the line 
drawings tdiidi iHusteate the work. 1982. 



Preface to Second Edition 

Ik presenting the second edition of “ Short Wave Wireless 
Communication,’.’ we wish to thank those critios whose oon- 
stmctive comments have suggested to us where amendment 
and amplification of the work is desirable. We have foxmd it 
unnecessary to alter either the chapter headings or their 
sequmice, but new matmal has been included in Chapters II, 
III, IV, X, XI, XIII and XVII and an Appendix added in, 
connection with feeder losses. In all some 36 pages of new 
material and 14 diagrams have been added. 

Our thanks are due to Mr. T. L. Eokersley for kindly check- 
ing Chapters III and IV, to Mr. K. Tremellen for assistance 
in preparing a discussion on Shadow Charts, and to Mr. C. E. 
Rickard, O.B.E., for a considerable amount of original informa- 
tion on feeders and permission to. publish data which he had 
collected. 

Those chapters which deal with established theories and 
procedure contain a few selected references, but in cases where 
the chapter deals, with controversial matter or very recent 
developments a representative selection of numbered references 
has been chosen. 


January, 1934. 



Preface to Third Edition 

In the preparation of the third edition of “ Short Wave 
Wireless Conununioation,” much of the text has been revised 
and a new chapter on “ Comhaercial Wireless Telephone Cir- 
cuits” added. When preparing the previous editions the 
authors considered that practice in this field was scarcely 
stabilised sufficiently for incorporation in a textbook. This 
application of wireless has now become of s\ich great import- 
ance and is of such great technical interest that a chapter 
upon it seemed very desirable. , 

In connection with this chapter the. authors gratefully 
acknowledge the assistance they have- received from the 
Engineer-in-Chief’s Office of the British Post Office and 
especially from Mr. A. J. Gill. This acknowledgment extends 
also to the sections on the Frequency Checking Station and 
the Post Office Ultra Short Wave Circuits. 

The chapter on aerials has been re-arranged and somewhat 
enlarged. In connection with this our thanks are due to 
Mr. T. L. Eokersley for his advice. Our indebtedness to 
Marconi’s Wireless Telegraph Company acknowledged in the 
preface to the first edition, naturally increases as the succeeding 
editions are revised and enlarged. 

Our thanks are due to Mr. T. D. Parkin for further informa- 
tion on quartz crystals and Mr. K. Tremellen for further 
information on ionosphere charts. To Messrs. C. and L. Kemp 
for details of commercial receivers, and to Mr. F. M. G. Murjdiy 
for information on Marconi Telephone Terminal Equipment 
and for helpful suggestions generally regarding the ci^pter 
on telephony. To the Institution of Electric^ Engineers for 
permission to reprint Fig. 149 from their Journal. To the 
Bell System Telephone Labs, for permission to describe their 
Single Sideband System, and to Mr. H. Beverage for supplying 
and checking information on the II.C.A. apparatus. And to 
Miss Archer for the careful line drawings added to the new 
edition. 

January, 1936. 



Preface to Fourth Edition 

In presenting the Fourth and war-time edition of Short 
Wave Wireless Communication the Authors regret that the 
exigencies of the times have prevented references to many 
new and interesting developments of short wave, and in par- 
ticular ultra-short wave working. At the same time it has 
been found possible to add a great deal of new material, 
including some 180 new diagrams. 

A change in the chapter sequence has been made, The 
increased use of line technique in many circuit problems 
suggested that line theory should be treated rather earlier 
in the book than formerly, and it appeared desirable that 
aerials should be more closely associated with the propagation 
of wireless waves. 

The greater utilisation of ultra-short waves has necessitated 
that greater attention should be devoted to them, but since 
short and ultra-short waves have much in common, both are 
dealt with throughout in the text in appropriate chapters, 
instead as formerly of devoting one single chapter to ultra- 
short wave working. 

The authors wish to record their indebtedness for informa- 
tion to the many members of the staff of the Marconi’s Wireless 
Telegraph Company, whom it is not possible to mention 
individually. In particular, they wish to thank Mr. J. G. 
Bobb, Technical Mwager, and members of his staff for helpful 
comments, in particular Messrs. E. Green, S. B. Smith, W. H. 
Nottage and N. M. Bust. They also wish to acknowledge 
help received from Mr. G. Millington and Mr. J. TremeUen in 
checking Chapters IT and V ; Mr. T. P. Parkin and Mr. D. 
Fairweather for general information bn Qutfftz Crystals ; 
Mr. E. C. S. Megaw for information on Electron Osdllatois ; 
Sfr. B. B. Axmstrqag for infinmatimi on Marconi Beceiver 
Equipment ; Mr. H. J. H. Waasell fot information on Pentode 
Amidifiers ; Mr. Wdls for an mteresting set of Polar Carves of 
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Horizontal Aerials ; Dr. E. B. Sturley for help in {oeparation 
of the Reception Chapter ; and Mr. R. L. Varney for detaOs of 
Transmitter Eqnipment. Our special thanks are due to Mrs. 
E. Relf for the carefol preparation of a large number of new 
line drawings. Thanks are due to the Institute of Radio 
Engineers for permission to publish curves shown in Figs. 
107, 108 and 109, extracted from a paper by Brown on 
“ Directional Antennas ” ; to the British Broadcasting Cor- 
poration for permission to publish the curves shown in Figs. 
41 and 42 ; to the Journal of Scientific Instruments for per- 
mission to reprint the information contained in Table III, 
page 302 ; to Mes^. General Radiological, Limited, for 
supplying photographs of Dr. Schliepake’s electrodes shown 
on page 528, and for information concerning their thera- 
peutic apparatus ; to Messrs. Stanley Cox, Limited, • for 
information on their Inter-therm therapy set and to Messrs. 
Victor X-Ray Corporation for particulars of their Inducto- 
therm therapy apparatus. 


1942. 
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Communication 


CHAPTER I 

INTBODtronON 


SiNOB the publication of the first edition of this book, the 
strangeness of working with very high frequencies has worn 
off and short and ultra-short waves are accepted as a ususJ 
and simple means of efficient communication. The passing 
years have consolidated our knowledge of the technique of 
transmitting and receiving apparatus, so much so, that modem 
short-wave gear is generally no more difiioult to design and 
handle than its long-wave counterpart. Furthermore, the 
continued use of short waves has so increased our knowledge 
of the ionosphere that we now have a fairly comprehensive 
picture of its properties, though this knowledge has made us 
more conscious of its many vagaries. 

It may be useful, at the beginning of this book, to review 
the reqtiirements of any communication systeni. Intelligence 
cannot be transmitted by a single frequency, but needs an 
appropriate spectrum, the following table giving the fre- 
quencies involved in differmt types of signal. 


Tabi.b I. 


Type of Signal. 
High-speed Morse 
Telephony 
Broadcasting ... 
Television 


Cydea/sec. 

0-200 

260-2,760 

30-10,000 

0-2,000,000 


Note.— 11 an ordinary modulated transmission is used (see 
page 28) ficequency spectrum ranted for any type of 
intelligenoe be double ti» mazimam frequency involved. 

B 1 



2 SHORT WAVE WIRELESS COMMUNICATION 

It ia interesting to obserre tbat although the C.C.I.R. 
regulations suggest the staggering of adjacent broadcasting 
station carrier frequencies but 9 kc. aptui;, and receiver manu- 
facturers design their receivers to admit 6 kc. only each side 
of the received wave, it is not possible for a manufiEkoturing 
firm to sell a broadcast transmitter unless linear response is 
guaranteed to at least 8 kc. each side of the carrier. 

Modem equipment has to be designed to pass the appro- 
priate band of frequencies, preserving the relative amplitudes 
(and sometimes phases) within specified limits. Only a minor 
amoimt of energy must be produced at unwanted frequencies, 
and the output must be held constant at a correct level, in 
spite of changes in the intervening medium. These require- 
ments are the same regardless of what carrier &equen<y is 
being used and are, indeed, the same for line working also. 

A system may introduce distortion in three distinct ways : 

(1) Frequency distortion (sometimes referred to as amplitude 
distortion), due to different firequency components of the 
signal being treated differently by the system, so that their 
relative amplitudes at the receiving end are not the same as 
initially produced at the transmitting end. This type of 
distortion must be kept small for all t 3 'peB of signal, except 
telegraphy. 

(2) Phase distortion due to the relative phases of the various 
frequency components cJianging. This is immaterud when 
dealing with sound signals but is important for picture 
facsimile and television signals. 

(3) Non-linear or harmonic distortion. If any part of the 
system has a non-linear characteristio, that is, the output is 
not strictly proportional to the input for all values of input 
met with, then new frequences will be produced. These are 
harmonics of the various components of the signal and also 
frequencies which are the sum and difference between any 
two frequencies presdt in the signal. Hus type of dis- 
tortion is serious at all times, and is particularly troublesome 
if one piece of equipment is handling two or more rngnals, as 
ill frequently the case in line work sometimes the case in 
wireless circuits. Any non-linearity in this case will result in 
interference between the two channels of communication. 

An important feature in any is the ra|^ of idgual 
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to noise. A sti^ng signal is of little value if there are also 
unwanted disturbances present which produce an output 
comparable with the signal. A very weak sigiukl having a 
high signal/noise ratio can, however, be made good use of 
if sufficient amplication be provided. 

To show how short and ultra-short wave communication 
fits in, it may be helpful to consider a broad division of the 
wave range into the following arbitrary groups : 


Gassification. 

Long Waves 
Medium Waves 
Intermediate 
Short Waves 
Ultra-Short Waves 


Tablb II. 

Frequencies. 
Kilocycles. 
100-10 
760-100 
2,000-760 
. 30,000-2,000 
.above 30,000 


Wavelengths. 

Metres. 
3,000-30,000 
400-3,000 
160-400 
10-160 
below 10 


Of these only the long and short waves are useful for long 
distance services. The intermediate waves are limited in 
their range and hence are usefiil for serving a local area (mly ; 
for this reason they are used for broadcast purposes and are 
sometimes referred to as ” broadcast waves.” 

Ulhra-short waves have only a very limited reliable range 
which is very dependent upon the location of transmitter and 
receiver. 

Since both long and short waves provide a possible means of 
long-distance communication, a summary of their relative 
merits is of interest. 

In the case of long waves, although attenuation is not great, 
and the wireless path does not introduce distortion, the signal 
to noise ratio is poor (doe to atmospherics), and everything 
possible must be done at the receiver to improve tins ; but 
unfortunattiy maiiy methods of so doing result in producing 
poor tignal formation if carried too far. • On the other hand, 
tile attenuaticm remains approximately constant over long 
periods, and tiius the signal arriving at the reotiver is uniform 
in strength. Unfortonattiy the ao^ is the weak link in the 
chidn. It is easi^ postible to produce fitirly efficient^ the 
b^^&eiqpieiu^ ooTimits required, but very difficult to get an 
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aerial circuit to radiate energy even with a costly mast and 
aerial eystem ; since also the long-wave aerial cannot con- 
veniently be made directive, even the small proportion of 
power radiated is not used to the best advantage for point-to- 
point working. The poor aerial efficiency reacts unfavoiurably 
on the transmitter, which must be of large power output, and 
hence it is difficult to control, besides being costly to build 
and operate. The modulation frequency is also limited by 
the time constants of the low-resistance aerials and closed 
oscillatory circuits, which are essential. 

If short waves be used, however, the aerial system becomes 
much more efficient, and as the wavelength is small the whole 
aerial can be greatly reduced in ske and cost, and also it now 
becomes practicable to design the aerial to concentrate the 
radiated energy into a beam, thereby maldng the best use of it. 
The transmitter can be greatly reduced in power, it is cheaper 
to construct and easier to operate, and may be keyed con- 
veniently at high speeds, as at these very high frequencies the 
tune constants of the circuits offer ho bar to the highest 
modulation frequencies desired. The signal-noise ratio is 
very much better, so that services can be worked with field 
strengths at the receiving station of very low level, and the 
attenuation is perhaps rather less than for long waves, although 
this is governed by entirely different laws. 

Unfortunately short waves are subject to rapid physical 
changes, so that the received signal varies over wide limits 
from moment to moment, and it is this fading phenomenon 
rather than atmospheric noise which is the controlling factor 
in economic design. For many classes of service, it is essential 
to provide the receiver with some form of comjtensation to 
correct for this and to deliver an approximately constant 
strength of signal irrespective of the fluctuations of input. 
For various reasons, which will be dealt with later, shnrt 
waves do not form a distortionless coimeoting link, and in 
telephony and '‘picture telegraphy” the distortion may 
seriously interfere with reproduction. 

Extremely marked diurnal and seasomd dianges also oc(W, 
imoessitating the use of different wavelengths at different timew 
for the same service. In ad^ti(m« channels working on routes 
passing near fhe mimetic poles are sulgect, dozing magnetic 
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Btorm periods, to such severe attenuation as sometimes to 
put them out of action. 

Thus it will be seen that short wav^ offer the advantage of 
a cheap and efficient system, and a good signal-noise ratio, 
but suffer from a varying attenuation and a tendency for 
distortion. 

Since the field strength used can be much lower than with 
long waves, the amplification needed at the receiver will be 
much greater and noises due to local electrical machinery and 
internal noises present new problems in receiver design. 

• It is of interest to observe that the chief contribution to 
epxly short-wave commercial communication was the “ beam.” 
The tremendous power gain of the first array systems used 
overcame the deficiencies of early transmitting and receiving 
appwatus and of the connecting link, the ether, and enabled 
telegraph circuits to operate at speeds not exceeded even 
to-day. Although the passing years have shown changes in 
” beam ” design, first towards simplification with a view to 
economy of first cost, and more recently' back to elaborate 
groups of smaller “ beams,” no advwce in efficiency can be 
recorded. On the other hand, transmitting and receiving 
gear has improved in efficiency and design very considerably, 
very important developments being the perfecting of constant- 
frequency sources, and the technique of feeder and aerial 
circuit design. The power of short-wave transmitters has 
risen very considerably, and the emplo 3 rment of i>owers of 
100 kW. and more has brought many problems to the designer. 

The relative advantages of long and short wave working 
must now be discuyssed from quite another point of view. A 
consideration of Tables 1 and II will show that only eighteen 
telephone stations having a world-wide range could be accom- 
modated mthin the whole band of long waves, whereas 6,090 
such stations are possible on short waves. The whole long- 
wave band could not provide for one television transmission, 
if it was at all possible in other ways, and'even the short-wave 
band would only accommodate seven. Actually, sinoe the 
short waves aze so usefril, it would be out of tte questicm to 
utilise 4 megac^es for one transmission (which would have a 
wcuki-wkle range, whether desired or not) and hence for 
such transmissions ultra-short waves are used. Besides the 
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enormous frequency band available, these have the advantage 
that stations in different parts of the world may use the same 
frequmicies without interference, since the range is limited. 

Apart from the interference which would be created by 
transmitting television on an 3 dihing but ultra-short waves, it 
would be found difficult to work on lower carrier frequencies 
owing to the modulation frequencies becoming a large per- 
centage of the carrier frequency. This would mean that the 
tuned circuits would have to be less efficient, that is, their 
“ Q ” value (Q ssuiLfR fcnr a simple series circuit) must be 
smaller and this leads to difficulties in design. 

For instance, assume that the highest modulation frequency 
to be dealt with in high-quality broadcasting is 10 kc./s. and 
in high-definition television 2,000 kc./s. Suppose that we can 
tolerate 2 db. attenuation of these highest frequencies. Then 
the Q value of any circuit in the radio-frequency tuning 
system at transmitter and receiver (including aerials) would 
need to be less than a value that will satisfy the above con- 
ditions, and limiting values for Q are shown in Fig. 1. 

These curves show that as far as short waves and ultra- 
short waves aoe concerned, only the wide television spectrum 
is likely to be a determining factor in circuit design, as with 
other types of modulation circuit Q’s of less than the limiting 
values shown would be adopted for othm: reasons. 



CHAPTER n 


A BBIXiF HISTOBY OF THE DEVELOPMENT OF SHOBT WAVES 

Shobt waves are now almost past history, but it is felt that a 
brief review of the development of short-wave wireless com- 
munication will still be of interest to the new student of the 
subject, in view of its revolutionary effect on wireless com- 
munication. 

Commercial, long-distance, wireless communication may be 
said to have commenced in 1900 on a medium wavelength 
and, in the decade following, wireless progress was dependent 
upon medium and long waves. The longer the range desired 
the longer the wavelength used because the attenuation was 
thereby reduced. 

After several years of experiment by a number of workers 
the principal laws governing communication on waveleixgths 
from 200 metres upwards became known and wavelengths 
as long as 10,000 metres came into rise for ranges of 5,000 
miles and upwards. Empirical formulae for attenuation 
were developed from measurements which were of necessity 
rather crude, but sufficiently good to show the mmmer in 
which- the various factors afieded the result. The attenua- 
tion was found to be less at night than by day, this effect 
being very marked on wavelengths of the order of 300 metres, 
and quite small on the longest wavelengths used. The 
attenuation, besides being less the longer the wavelength, 
was found to be dependent upon the nature of the earth’s 
surface between the stations, being least for the best conductor, 
i.e., sea water, and owing to the bad results' obtained wi^ 
waves of 200 metres, sh<nter waves were not attempted for 
any except occasional very short range services. A wave- 
lenjgth of 120 metres (called tone Aj was used, however, on 
ships from 1901 to 1909, and extraordinaiy night ranges were 

. S 
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found possible with very small power, 100 watts ; with such 
waves, distances of 1,000 miles were frequently recorded, and 
1,600 miles was recorded on more than one occamon, these 
ranges being obtained with a coherer receiver and tape recorder, 
a most insensitive device reckoned by modem standards. 

In 1916 Marconi and G. S. Franklin recommenced experi- 
ments in Italy on very short waves, being attracted by the 
possibility of using directional transmission. It was thou^t 
that there might be uses for a short wave beam system, 
even if it had a very limited range. Special spark transmitters 
and parabcdic reflectors were employed producing two or three 
metre waves, and a range of 6 miles over water was obtained, 
using a ciystal receiver. The experiments were continued at 
Carnarvon in 1917 (on 4 to 6 metres), and a 20-mile range ob- 
tained when the transmitter was 600 feet above sea level, and the 
receiver visible from the transmitter. When both transmitter 
and receiver were placed at sea level the range feU to 4 miles, 
thus showing that the great attenuation in the neighbourhood 
of the transmitter was mainly produced by the earth. In 
1919 valve transmitters were employed, the wavelength being 
subsequently raised to 15 metres, as this was considered to be 
the shortest at which the valves were likely to be satisfactory, 
and with an input of 200 watts, telephone signals were receiv^ 
at Kingstown, a distance of 70 miles. 

In the following year a rotating parabolic 6-metre beam was 
fitted at Inchkeith, Firth of Forth, and run for 12 months, 
testing with the Royal Scot, a Leith to London coasting 
steamer. Experiments showed the utility of these waves for 
navigation purposes, and prpved the abrupt falling ofi of 
signals outside the visual range, for this very short wavelength. 

In 1921 a more ambitious short wave experiment was carried 
out. Valve transmitters and receivers with parabolic reflectors 
were set up near Hendon (N. London) and Birmingham, and 
a telephone circuit 97 miles long work^ between them. Very 
strong signals on 15 metres were obtained with 700 watts 
input, the great utility of beam transmission being demcm- 
strated. Much valuable experience in the design and operation 
of transmitters add receivers for.t^ese hitherto little used 
frequencies was gained. In particular, trouble ocomred with 
the transmittiitg valves, due to the h«ayy oscillating ouzxmis 
n* \ 
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carried by the seals at these frequencies and also to local 
heating of the glass, and these troubles were traced and 
overcome. 

Later in the same year a telephone circuit was set up between 
Southwold (Suffolk) and Zandvoort (Holland), using 100 metres 
without reflectors. The tests were very successful, and it 
was particularly noticed that on most nights and on some days 
good signals could be obtained at Oslo, Norway — a quite 
unexpected result at the time. 

In 1922 the Marconi Co. continued short wave experiments 
definitely with a view to discovering their possibilities over 
long distances, and the historic Poldhu (Cornwall) Station 
was chosen for the purpose. Poldhu thus again became the 
site of epoch-making experiments, as it was from this station, 
that the first transatlantic wireless signals were transmitted, 
21 years previously. 

A parabolic reflector system and half-wave aerial was 
erected for 97 metre transmission, this being considered to be 
the longest wavelength for which it was practicable to erect 
a reflector system. 

In the spring of 1923 experimental transmission commenced 
from Poldhu, using an input power of 12 kW., receivers being 
installed on Marconi’s yacht Elettra. The yacht sailed from 
Southampton, and it was found that signals up to St. Vincent 
(2,300 miles from Poldhu) were sufficiently good for commercial 
traffic purposes during nearly the whole 24 hours, although they 
were much stronger by night than by day. These results 
could be obtained with only 1 kW. input power at Poldhu. 
Erom the way in which the attenuation varied with distance 
it was deduced that a reliable commercial service could have 
been worked to Brazil during the hours of darkness, and the 
tests showed conclusively that waves below 100 metres were 
capable of ^ving reliable rraults over considerable distances, 
especially at night. 

These results were of such importance that tile British 
Qovemment was offidaUy infom^ of them by the Marconi 
Co., because the Govemnient was embfurkmg on the otmstimc- 
tion (ff veiy large and oodly Icmg wave deticms for Impmal 
ccmunTmications and it appeared liloly that tiui abort waves 
could be Wsed with great advantage and economy. 
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Further triate took place from Poldhu in the spring of 1924, 
and on April 3rd telegraph signals from Poldhu were received 
in Sydney, N.S.W., and in May good telephone signals were 
also received. Successful and consistent reception was also 
reported from many other places throughout the world, and 
two important papers were read by Marconi before the Royal 
Society, in July and December, where the results were given 
and the flat projector for producing the beam described. In 
consequence of these results the Marconi Co. offered to enter 
into a very onerous contract with the British Grovemment and 
the Dominions for the erection of a chain of short wave beam 
stations for Imperial communication. The terms were, briefly, 
as follows : 

The Marconi Co. to erect in Great Britain short wave stations 
to communicate with Canada, Australia, India and South 
Africa. Commimicating stations were to be erected in the 
above countries and were to be owned and operated by various 
commercial concerns under Government supervision. The 
British stations were to be bought and operated by the British 
Post Office, subject to their passing acceptance tests. Th^ 
provided for seven days consecutive tests working duplex at 
not less than 100 words per minute, exclusive of repetitions 
to ensure accuracy, for 18 hours on the Canadian circuit, 11 
hours on the South African, 12 hours on the Indiaib and 7 hours 
on the Australian circuits. The British Post Office could 
suffer no loss except some delay in proceeding with the much 
more costly long wave scheme, should the short wave beams 
fail, and the terms of the contract being acceptable to the 
Government, this was signed on July 28th, 1924. 

Ihe guaranteed traffic capacity was far greater than any- 
thing before known in wireless or ocean cable channeLs, 
arid the general concensus of opinion at the time was 
that the “ beam project ” was but a speculative leap in the 
dark. 

It is true that the evidence in 1924 demonstrated that all 
short wave signals were subject to violent fading and were, 
apparentily, very encatio. These factors seemed to preclude , 
th^ use lor bommerdal hi|^ speed services, but Marconi 
bdbved that the beam would produce sufficient gain to 
overocune these defects. Such proved to be the case, and 
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Marconi deserves great credit for the correct interpretation of 
the scanty evidence. It was little realised at the time what 
a vital feature of a short wave circuit the directional array 
was to become. 

All the available energies and all the accumulated experience 
of the Marconi Co. was now directed to the great enterprise. 
Another cruise was undertaken by the Elettra in August, 1924, 
especially to try the effects of still shorter wavelengths. It 
was quickly found that the daylight range increased greatly 
as the wavelength was decreased and daylight communication 
was achieved with Sydney on 32 metres. Meanwhile the 
construction of the b^m stations was proceeding, research, 
design and construction having to proceed together. 

The beam was obtained by the flat projector fed through 
concentric tube feeders developed by Franklin, and flrst tried 
out at Poldhu, and this took the place of the earlier parabolic 
reflector and single aerial, and was much more efiBcient. A 
very stable transmitter of 20 kW. input was developed and also 
a -receiver, in the design of which the experience gained on the 
Elettra proved invaluable. Unexpected difficulties were met 
and conquered, and on October 26th, 1926, the Canadian 
drcoit was opened, on a wavelength of 26 '574 metres, the 
other circuits, Australia, South Africa and India, following at 
regular intervals during the next year, as shown in the chrono- 
logical table at the end of the chapter. 

It is interesting to note that the Australian circuit, Grimsby 
(England) to Bockbank (Australia), naturally the longest, 
was perhaps the least difficult to get going, and the phenomenal 
speed of 350 words per minute was worked during the acceptance 
tests. On this circuit the wavelength was not changed between 
the day and night conditions, as was necessary on the other 
circuits, but during certain hours, transmission took pltK» over 
a great circle eastwards from Grimsby and at other hours over 
a great drde westwards. The opening of the beam stations 
placed British wireless circuits in the firont rank of long distance 
communication 83 wtems and naturally attracted world-wide 
attention. 

At this point it seems imcessary to give a hint as to why tibe 
urility of s^cnrt waves went so long unffisoovered. All the early 
ezperimmitB had shown qmiolusivefy that in ihe r^dj^hour- 
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hood of a very short ware transmitting station the attenuation 
was extremely great. What they had failed to reveal was that 
in addition to the surface wave which was being investigated 
and whose characteristics were understood, there was a radia- 
tion which entered the ionoc^here and from there was bent 
towards the earth. If the bending was sufficiently great, the 
wave left the layer again and reached the earth’s surface at 
some point generally very distant from the transmitter. 
Hence, if a portable receiver be carried away from a short 
wave transmitter, signals will at first be heard, but quickly 
become inaudible as the distance is increased. Then follows 
a zone in which only erratic signals can be received, but as the 
distance is still further increased strong signals will again be 
heard, and these signals, though varying rapidly in strength, 
may be well above noise level and quite suitable for commercial 
circuits. The intervention of the zone of unsatisfactory 
reception, or “ skip zone ” as it is termed, served to mask the 
existence of long distance waves. Thus in the London- 
Birmingham tests of 1921 on 16 metres, no doubt strong signals 
could have been received in many parts of the world, but no 
one thought of looking for them, and as no other reception 
on such wavelengths was being carried out no signals were 
received by accident. 

The success of the Imperial beam stations was so complete 
that the cable services vrith which they were in competition 
lost a very great deal of traffic. It was realised that these 
cables were a great Imperial asset and it would be far better 
for the two methods of Empire communication to become 
complementary than that they should engage in competition 
which would bring serious ffiianoial embarrassment to the 
cable companies. In consequence, a Glovemment-sponsored 
merger wm planned and came into effect in 1928. As a result 
of this a company termed the Imperial and International 
(communications. Ltd., was formed to take over the Eastern 
Tele^^ph Co.’s network of cables, the Imperial Cables, the 
Imperial Beam Stations and cdl the Marconi Services. On the 
board of this company the British Oovemment is represented, 
so that the interesti of the British Empire are safeguarded 
and the pdblio proleoted against eaploitati<m by a monopoly. 

We must now turn our attention to other organisarions. 
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Naturally the Marconi beam project was watched with keen 
interest by radio engineers of other countries. The attitude 
of the American engineers towards short waves as a principal 
wireless channel was one of interested scepticism. They had 
little faith in their possibilities as carriers of high speed com* 
mercial traffic, although in September, 1924, the Radio Cor- 
poration of America decided to instal a 100-metre transmitter 
(WGH Tuckerton, N.J.) which might serve as an auxiliary 
to the long wave South American circuit, this being a difficult 
circuit on account of atmospherics. A simple “ broadcast ” 
aerial was used. 

In the spring of 1926 other transmitters were brought into 
use in the same way. The wavelength used was gradually 
shortened, and in January, 1926, a transmitter was put into 
service on 14-9 metres for daylight service to South America. 
Operating speeds were still very low and the drcuits in no way 
compared with those which came into use later. The American 
engineers at this time seemed doubtful as to the utility of beam 
aerials for short wave transmission and reception, and they 
did not try them. In consequence their signal-noise ratio 
was not nearly so good as on the Marconi circuits, and “ echo 
signab and excessive fading prevented high speeds being 
worked. 

Whilst the R.C.A. had been investigating the behaviour of 
short waves by trying them out on actual commercial circuits, 
the American Navy, the Bell Telephone Laboratories and other 
organisations had been researching into their peculiarities. 
A^ a short wave broadcasting station (KDEA) belonging 
to the Westinghoose Go. had been set up in 1926 at E. Pitts- 
burg, transmitting on .62*7 metres, and it was suceessfuUy 
received and ze-broadcast on several occasions in England. 

The German Telefunkmi Go. had a long wave circuit to 
South America, which despite the use of very large power 
did not give very satisfactory results, and tiiey were, therefcne, 
soon alive to the importance of developng short wave services. 
They commenced with fairly kmg short waves an4 nij^t 
worMng, but quickly reduced to as low as 16 metres. Their 
eiqperizaents were very successful and their stations (AGA and 
AGB), set iq> at Nau^, handled ihuch traffic whilst still in the 
“makedbift ” stage, tihese ehmrt wave stataons began to 
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work traffic to South America early in 1926, and the traffic 
grew rapidly. 

No dkectional arrangements were at first used and trans- 
missions were at hand speed, but the behaviour of the circuits 
appeared to be reliable and consistent. like the Americans, 
the Germans had no faith in the beam system, and it was not 
until alt$r the British stations had fully proved the worth of the 
array aerial that Germany, America and Prance followed suit. 

The activities of wireless amateurs in connection with short 
wave development must now be considered. Since the earliest 
da 3 ^ of wireless there have been a band of amateur workers 
of very varying capabilities. Some were amateur in the sense 
that wireless was to them only a hobby and not a profession, 
but their standard of knowledge was equal to that of many of 
the professional workers. Others were attracted by the novelty 
and interest of signalling to each other and oared little about 
scientific investigation. During the war the activities of 
amateurs of necessity completely ceased, though many of them 
found their knowledge useful in the Services, and when peace 
time conditions came again these amateurs naturally wished 
to recommence work and to use the greatly superior means 
now available. The number Of stations engag^ in se^us 
work had, however, so greatly increased that it was reaped 
mnateur activities would have to be seriously curtailed and 
carefully controlled. In the British Isles it was finally decided 
that waves below 200 metres might be used, as these waves 
were not occupied by commercial or Service stations and were, 
indeed, considered useless except for very short ranges. The 
amateurs protested considerably against this decision, but were 
compelled to accept it. 

It had long been known that occasional very long ranges 
were obtained witl^ low power on wavelengths below 300 
metres, in spite of the general ineffectiveness of these waves, 
and most operators were in the habit of repeating stories 
about freak results on such waves Spurted on by a few such 
results, mth commendable pluck the amateurs of Great Britain 
and America organised a 200-metre transatiantio test in 
December, 1921. As the power restrictions of the American 
amateurs were mpfe liberal than those of the British, the 
ei^erimenta wme nmde <mly ip the east^nird direction, and it 
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is to be recorded that successful communication was obtained 
on several occasions. 

In November, 1923, a French amateur established two-way 
communication by night on 100 metres with the U.S.A., and 
in January, 1924, British and U.S.A. amateurs were in com- 
munication under similar conditions. Before the end of this 
year the longest distances on the earth’s surface hud been 
covered by amateur transmissions, for on October 18th Mr. 
Goyder, of Mill Hill School, London, exchanged messages with 
Mr. BeU, of Dunedin, New Zealand, and others soon succeeded 
in maintaining contact both with New Zealand and Australia. 
These remarkable results, obtained by persons using very small 
power, and to whom wireless was merely a hobby, deserve the 
greatest praise for the ingenuity, resource and perseverance 
^own. Amateurs were led to try shorter waves and daylight 
communication, and as the technique of the very high frequen- 
cies was mastered, success came in February, 1925, when day- 
light transatlantic communication was maintained daily for 
a month. 

On several occasions when the official and commercial short 
wave stations were still very few and the requirements for 
obtaining consistent results not understood, the amateur 
stations performed a .very valuable service by maintaining 
contact with expeditions, etc., which were out of touch by 
other means of communication with civilisation. Thus in 1926 
the Mill Hill station kept contact with an Arctic expedition 
when other means failed, and in the same year another English 
amateur (2NM) performed the same service for the Hamilton- 
Rioe expedition in the wilds of Brazil. 

Ilie next great development of which we shall speak is the set- 
ting up of long distance telephone circuits by means of short 
waves. We have seen that experiments in short wave tele- 
phony took place very soon after telegraph signals had been sent 
over long distances, and'these tests were quite successful. Much 
research had to be done, however, before commercial circuits 
could be brought into operation. What was desired tras that 
tihe t^phcme networks in the various contanents should be 
linked togeth^ by circuits which should be as reliable and give 
as good a* standard of speech as long trunk lines, immense 

diffisidlaies in the way of adapting even the modem, greatly 
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improved Bubmarine cable for transatlantic telephony and 
the colossal expense that wonld be involved pointed the way 
to the use of wireless. 

The problem of wireless telephony first engaged the attention 
of the British Post Office in 1923 and in co-operation with the 
Amerioan Telephone and Telegraph Corp., succeeding years 
were spent in investigating the possibilities of transatlantic 
telephony on long wavelengths. These investigations resulted 
in a successful commercial channel being opened in 1927 on 
6,000 metres. 

When short waves came into use for telegraph services there 
was very much to be done before telephone circuits could be 
brought into operation. The chief troubles were due to “ fad- 
ing,” and evidently if the short wave link is to be coimected 
through ordintuy land line circuits to ordinary subscribers 
the varying attenuation must be compensated for in some 
way, and various devices in the receiver now enable this to be 
done with some measine of success. 

Because of the pioneer work done by the Marconi Company 
on the short wave beam services, the newly formed Imperial 
and International Communications Company anticipated that 
they would be able to participate in the extension of telephone 
communication for which the short wave Marconi beam was 
so suitable. In fact shortly after the inception of the tele- 
graph service the Marconi Company developed a multiplex 
system by which the same aerial, transmitter and receiver 
could be used simultaneously for two telegraph channels and a 
telephone channel ; but the British Government decided that 
wireless telephony in England should remain the monopoly 
of the British Post Office and the latter preferred to develop 
their own short wave telephone services independently of the 
Communication Company just formed. 

Short wkve channels developed in conjunction with the 
International Telegraph and Telephone Corp. were first brought 
into use to supplement the New York service, and daring 
1930 circuits were opened to various liners on the North 
Atlantiio route, to South America and to Australia. Further 
services were opriied at intervals until by 1934 there were 
twelve snob dhannels operating from the Radio Section of 
the Intornaticmal Exchange in Londcm. 
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At the En^h end the transmitters are all concentrated at 
Hugby and most of the receivers at Baldo<^ (Hertfordshire). 
Aerial arrays of many different types are used at both trans- 
mitting and receiving stations. 

As regards developments abroad, besides the distant ends 
of the circuits to London already mentioned, there are 
circuits in operation between New York and South America, 
and also to liners at sea. Buenos Aires has also circuits to 
Madrid, Paris and Berlin as well as London. 

By these remarkable developments of the last year or so, 
the telephone subscriber in Britain is potentially connected 
to a large proportion of the subscribers in the world, and can 
cany on a conversation with a subscriber in Australia with 
almost as much reliability as with one in a town a few miles 
away. Further, he may get into communication with the 
passengers of most of the largest transatlantic liners. 

In addition to long distance telephone channels, short wavee 
have been utilised to provide a broadcasting service over long 
distances. The early American work has already been briefly 
noted. In 1927 an experimental broadcasting service was 
commenced from Chelmsford, England, and this continued 
until a permanent Empire Broadcasting Station was opened 
at Davontxy at the elose of 1932, by means of which all parts 
of the British Empire receive broadcasting from England at 
some suitable time during each twenty-four hours. 

After the short waves had been well established, attention 
was again directed to the ultra-short waves and in the last 
few years they have in their turn been developed into a reliable 
means of communication, suitable, of course, only for short 
distances. A regular traffic circuit employing the shortest 
wavelength (18 cm.) is that flrst set up in 1931 by Standard 
Telephones and Cables, Ltd., across the Straits of Dover. The 
British Post Office installed, at the close of 1932, a dreuit 
12 miles long and wmrking on 6 metres to provide an alterna- 
tive telephone channel to the roundabout line cfrcuits through 
the Severn Tunnel. More recently, the O.P.O. have ma^ 
extaosive use of ultra-short waves for linking outlying ishmds 
with the mainland of Great Britain, and also fair |Hroviding 
additional drouits to Nwthem Ireland. In Italy Marocnd 
ami Mathieu produced perfectly etable dupJez tdlephoDe 
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circuits and obtained ranges considerably in excess of the 
optical rwge, and a telephone circuit between the Vatican 
and the summer residence of the Pope was inaugorated in 
February, 1933, working on a wavelength of 60 oms. The 
Radio Corporation of America has install^ a complete network 
of ultra-short wave stations linking together the various 
Hawaian islands. 

Most broadcasting organisations have at various times carried 
out experimental transmissions on wavelengths ^of about 6 
metres to supply a limited area with ultra high quality broad- 
casting without interference being caused over a much larger 
area. 

More recently in the U.S.A. broadcast transmission on ultra- 
short waves employing wide deviation, frequency-modulation 
has been commenced, but so far the B.B.C. have not considered 
such a system will help much with the particular problems of 
broadcasting in this country. The transmission of television 
which, because of its high modulation frequencies, must also 
be carried out on ultra-short waves, has passed the experi- 
mental stage, and in 1936 the first regular television service 
was inaugurated by the B.B.C. from the Alexandra Palace, 
using a wavelength of 6.67 metres (45 Mc/s) for the vision 
transmission and 7.23 (41.6 Mc/s) for the sound transmission, 
the service having an effective entertainment range of some 
60 miles radius. 

Television transmissions are also made from New York, 
Paris, and Berlin. 

lifention should also be made of the use of the higher wireless 
frequencies for medical purposes. Although frequencies of 
the order of one megacycle have been used for a number of 
years for diathermy work and to some extent in surgery, the 
use of higher frequencies enables a greater facility of applica- 
tion, a more uniform treatment and the possibility of reaching 
deep-seated tissue. 

Thus we have sketched in outline the amazing and completely 
unexpected developments of short wave working. Perhaps 
in no department of applied science has there been such 
a surprising “ krnk f ki the ordinary lines of progress. For 
so many yearn the radio engineer considered he understood 
at least in outline the behaviour of etooim-magietiio waves. 
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only to find that there was an unknown set of ph^omena of 
extreme usefulness at, so to speak, his very door. 

In tracing out the rather involved story it will appear to 
have been written rather from the British point of view, and it 
may be thought that the work done in other countries has been 
dismissed too briefly, but it is a fact that the credit of early 
short wave development, and in particular beam working, must 
be given to Great Britain. It wiU be realised also that in a 
sketch of this length it is not possible to include all the out* 
standing items in the tale of progress. 


CHRONOLOGICAL TABLE SHOWING THE 
DEVELOPMENT OP SHORT WAVES 

1887 Original Hertz experiments. 

1894 Lodge’s demonstration at British Association meeting, 
Oxford. 

1896 Beam demonstrated over 2 miles by Marconi. 

1916 Marconi resumes short wave experiments. 

1920 Inchkeith rotalmg beam set op. 

1921 Aug. Southwold-Zandvoort 100-metre telephone tests. 
London-Birmingham tests. 

200-metre amateur transatlantic tests. 

1922 Franklin’s paper to I.E.E. 

1923 Spring and summer. Transmissions between Foldhu 

and Marconi’s yacht. Persistence of beam at great 
' distances proved. 

1923 Nov. Two-way amateur communication by night 

between France and U.S.A. on 100 metres. 

1924 Jan. First two-way amateur communications betwew 

England and U.S.A. on 100 metres. 

Spring. Further tests between Poldhu and M&rooni’s 
yacht. 

April 3rd. Telegraphy to Sydney, Buenos Aires. 

May. Telephony, Poldhu to Sydney. 

July 2nd. Marconi’s lecture to Royal Society. 

July 28th. Beam contract signed. 

Aug. Renewal of Poldhu tests in order tp secure good 
(toyUs^t commtmieation. 
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1924 Sept. Radio Corporation of America instal their first 
S.W. transmitter. 

Oct. Complete tests from Poldhu to most parts of .the 
world in daylight, using 32 metres. 

Oct. 18th. Pirst two-way communication between 
England and New Zealand on about 100 metres 
established by Messrs. Goyder and Bell. 

1926 April. German short wave stations start working to 
South America. 

Feb. Pirst amateur 18-23 metre transmissions. 

Aug. Experimental transmissions from Chelmsford 
commenced. 

Contact by English amateur (2NM) with Hamilton- 
Rice expedition in Brazil, otherwise cut ofi from 
civilisation. 

French Naval vessel, J agues Cartier, conducts short 
wave tests. 

1926 July. Marconi short wave transmitter at Ongar 

commenced working. 

Oct. 26th. Canadian beam circuit opened. 

1927 April 8th. Australian beam circuit opened. 

July 6th. South African beam circuit opened. 

Sept. 6th. Indian beam circuit opened. 

Nov. 6th. 6SW Chelmsford short wave broadcasting 
station opened. 

From this time onward developments in every country were 
great and no attempt will be made here to chronicle them. 
The following items are merely selected as being of special 
interest: 

1929 Oot. Madrid-Buenos Aires telephone circuit (set up 

by the International Telephone and Telegraph 
Corporation) was opened. 

1930 British Post Office telephone circuits to Sydney, 

Buenos Aires and ships at sea opened. Telephone 
drcuits -from Buenos Aires to Paris, Berlin and New 
York openM. 

1931 March. Dcmmishration of 18 cm. waves by Standard 

Tel^hones, 
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1932 Hawaian tdephone oirouits opened. 

Eeb. Telephone service to South AMoa opened. 

Feb. Five metre telephone circuit across Bristol 
Channel erected. 

Deo. Empire Broadcasting Station opened. 

1933 Feb. Vatican 60 cm. circuit inaugurated. 

May. Telephone service to India opened. 

1936 Television commenced. 



CHAPTER III 


THE MODTTLATIOir OF HIGH FBBQTJEKOT WAVBS 


CoMUcnnoATiOK syistems in general are associated with the 
transmission and reception of waves whose complexity of 
form and jErequency depend upon the type of intelligence being 
communicated. The efEective frequency band of this in- 
telligence varies from a few cycles per second, in the case of 
low-speed, Morse signalling to megacycles per second, as 
required for television. 

One may conceive any communication system as having 
two essential features, each complementary to the other. 

(1) A means of transferring energy from transmitter 
to receiver; thus we have sound waves in the case of 
speecb between individuals ; line currents in telegraphy 
and telephony ; and ether waves in the case of wirel^. 

(2) A means of modulating this energy to conform to 
the desired intelligence, called the “ signtd.” * 

Systems may for convenience be divided into three classes : 

(1) Non-carrier systems. 

(2) Carrier systems. 

(3) Suppress^ carrier systems. 


A non-carrier system is one in which energy transference 
only appears with the signal. If, however, transmitter and 
reoeiver are linked, even when no signal is being made, we have 
a oarrira syi^m. We have yet another case where, although 
no oarritf links transmitter and reoeiver, it originally existed 
but' has been suppressed in the channel, to be incorporated 
at the reoeiver, and such would be called a suppressed carrier 
system. ' v ‘ 



dik ekapter tra dtall cofer to tke ntodnlKting oompooent m 
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Let us first discuss land line telegraphy, considering it from 
perhaps a rather unusual point of view. A Morse telegraph 
signal consists of three elements, dot, dash and space, but in 
the only systems we shall consider, the dot and dash are both 
formed by pulses of current in the same direction but of different 
duration, and will both be classed under the term “ mark.” 
One element of a signal will, therefore, consist of a mark and 
a space. 

There are two possible ways of transmitting such an element 
illustrated in Fig. 2 (a and b). The signal can be made by 
a transmitter sending a current of amplitude ” a ” say, along 
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a line, first in one direction and then in the other, giving 
an effective difference between mark and space of 2a. In 
this case we can say that the datum line of signal coincides 
with zero line of current in the system, and it is to be observed 
that a reversal of phase takes place at the half cycle of signal. 
This is an example of a non-carrier system, and this changing 
line current, which forms the signal, can be detected by a 
suitably designed recriver. This system is the usual ” double 
current ” telegraphy. 

. Carrier Systems. The second method is shown in Fig. 
2b, and we may consider that a carrier cunmit at least equal 
to ” a ” flows along the line and is augmented and reduced 
(but not reversed) by the signal. If the carrier is equal to the 
signal amplitude, the line cunmit bn mark is ^ and on space 
is zero. In thk case the current always fik>ws albng the line 



MODULATION OF HIGH FREQUENCY WAVES 26 


NON CARRIER SYSTEM 
UNPOUAR15CO RECEIVER 


in the same direction and the carrier now forms a datum line 
for the signal wave. 

Considering the power expended, it will be seen that in the 
first case it is half that of the second for the same amplitude 
signal, in spite of the fact that in the former current flows for 
both mark and space, and only during mark in the latter. 
It would appear from this that a signal can be transmitted 
along a communication channel with the least expenditure of 
energy when the datum line of signal coincides with zero line 
of current. Also that tbansmittcr peccver 

the signal made and re- ^ ^ 

ceived depends only upon ^ 

the modulation com- ^ 

ponent, and that the ^ I ^ 

carrier contributes noth - 1 . 

ing to the intelligence .1 ‘ ' 

except to form a datmu 

1* j.1. • 1 CABWER SYSTEM 

Ime tor tne signal wave. unpolar^ed ReccivtB 

The use of the carrier Figcbb 3. 

clearly involves an addi- , x , . 

tional expenditure of ^ i-- 

energy which may be « ^^ROCARlSeO 

considerable. 

A carrier current, or /l.-— v 

its equivalent is, how- 
ever, often necessary be- 
cause it aids detection 

POUARiaEO RECEIVER 

at the receiver. 4 ^ 

Compare the two line 

cases, just mentioned ; in the non-carrier example, for the 
receiver to detect the signal it has to be capable of following 
not only change of amplitude of current, but change of direction 
as well. Oh the other hand, if a carrier system is being used, 
the receiver has only to be able to detect change of amplitude 
and not chan^ of direction. 

For instance, consider a line telephone ; if an unpolarised 
receiver is used, it can only interpret change of amplitude of 


Figcbb 3. 




NON CARRIER SYSTEM 
POUAftlSED RECEIVER 

Figubii 4. 


current and not change of direction, for any rise of current, 
no matter what its (Szeotion, atteaots the diaphragm, and the 
received s%nai appears distorted as idiown in Fig. 3. If, 
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however, the reoeiver is polarised with permanent flux, giving 
an initial bias to the diaphragm, current in one direction 
augments the flux, and in the other direction decreases it, 
and in consequence a correct reproduction results as shown in 
Fig. 4. Had one of necessity to use the original type of 
detector it could be made to interpret both change of amplitude 
and direction of current by adding a D.C. carrier as shown 
in Fig. 6, although this carrier need not pass along the com- 
munication channel, but 

line could be localised at the 

g UNPOLAWatO receiver circuit as shown 

^ in Fig. 6. 

cA««ieR SYSTEM Wireless communica- 

^ tion is essentially a 

ol— i! ■ carrier system, because 

high frequencies are 
RECEIVER sioNAL.»(/c»z»)-icVe/<ri«*is* • necossary for the effeo- 

Fiottbx 6. tive transmission of the 

electro - magnetic wave. 

j uNc Thus instead of a D.C. 

W ^ £ we have an A.C. carrier 

i ^ creating an image wave 

(see examples in Figs. 8, 
I *r| 9 and 10), and because of 

TRANaMiTTeS * * 1^ 

uNE p 'r cation is essential at the 
suppf^cAseo cAPRiEp SYSTEM looeiver, for the purpose 

Fxoubs 6. of extracting the modu- 

lation. 


RECEIVER SIGNAL. * Xa) ' lc**zl cls ♦ Jd* 

Fioubb 6. 


TRANaMITTBR 


SUPPRESSED CARRIER SYSTEM 
FtOtTBS 6. 


It is of interest to consider the relationship of this A.C. 
carrier to the modulating component, and to discuss the 
possibilities of carrier suppression. 

It may be pointed out here that the modulation of a carrier, 
whether D.C. or A.C., by a signal is often expressed by a modu- 
lation factor k, or if multiplied 1^ 100 as a modulation per- 
omta^. The modulation factor ea^tresses the ratio of signal 
amjditude to carrier amfflitude mid thus becomes unity if the 
carrier is fully modulated. For purposes Of ccunpatison, 
modulation measurements must alwt^ be made with a 
sinusoidid signal. 
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Modulation of a High-frequency Carrier. A sinusoidal 
carrier current which is of constant amplitude, frequency, and 
phase, may be expressed thus : 

i=A sin {<oji+^) (1) 

Where A =amplitude of the carrier current. 

/,=frequency of the carrier current. 

^=phase angle of wave, relative to some arbitary 
datrim. 

If we bring about a periodic change of either amplitude, 
frequency, or phase at a rate which is slow compared with the 
carrier frequency, the process is called modulation. The 
change Must be made about a datum having the same value 
as the quantity (amplitude, frequency, or phase) had in the 
unmodulated carrier. 

Amplitude Modulation. For instance, suppose we wish 
to modulate the amplitude of the carrier by a low-firequency 
sme wave A, sin w, t. J£ A,=k^ (where k, x 100 is the per- 
centage modulation), then A in expression (1) becomes : 

.d (1-fA, sin<«),0 (2) 

and it will be seen that this indicates a periodic amplitude 
change about the value (A) of the unmodrilated amplitude. 
If we had merely changed A into k^ sin <ejt, this would have 
indicated a change about a zero datum line. 

By combining (1) and (2) and taking ^==0°, we obtain an 
expression for an amplitude-modulated carrier-current. 

t = A sin Wet (1 -fib. sin < 0 ^) . . . . (3) 

This formula indicates that the synthesis wave conrists 
of a high firequency carrier, constant in frequency but which is 
being varied in amplitude in accordance with the signal wave 
about a datmn displaced A from zero, Fig. 8 depicting the 
case of a sine-modulated carrier, 100% modulated. 

Expression (3) can be expanded as follows ; 

t A sm wjt coa cos ^ (4) 

2 2 

This indicates thi^ this same modulated cartmr can be 
considered to be hufrb up of a spectrum of constant-amplitude, 
obnSt^nt-fiwquracy waves consisting of the original carrier- 
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freqaency and two sets of high-fi:«quency waves known as side 
bands, the amplitude of which will depend upon the value of h,. 
Thus if k, is unity each side band will consist of a single hi^h- 
firequency wave of half the carrier amplitude as shown in Fig. 8. 

The signal ^ itself, if not of pure sine form, may be analysed 
into a series of harmonic waves (by Fourier expansion) and 
can be shown diagrammatically as in Fig. 7a, the actual width 
of the band and the amplitudes of the different harmonics 
being dependent upon the character of the signal wave. Thus 
instead of the term (a),t) in equations 3, it is necessary to 
insert the expression for the complex wave, the effect of 
which is to produce a series of side-band waves, two for each 
of the component frequencies of the signal. 


PRCQUENCY 

S^avBB 7. 

The effect of modulating a high frequency carrier by a signal, 
therefore, may be considered as producing a high frequency 
spectrum which is obtained by moving the signal wave, depicted 
by Fig. 7a, along the frequency base by the amount of H.F. 
carrier. In addition to this a reversed image is created on 
the lower side of the carrier, as is shown in Fig. 7b, from 
which we can see that the high-frequency spectrum is twice 
the width of the signal band, and independent of the carrier 
frequency or percentage modulation. 

This high-firequency spectrum consists of the following 
essential parte : 

(1) The original carrier. 

(2) A band of H.F. waves obtained by taking the sum of 
carrier and signal frequencies, called the upper side band. 

(3) A band of H.F. waves obtained by taking the 
difference of the carrier and signal frequencies called the 
lower side band. 

^ It BhoBM be ote erv ed that ^ tern eignal k aaed ia tibck dbuipter to 
denote the modiilatMHi and not a radiated signal ocmpilete osaier. 
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The amplitudes of the side-band waves,, however, depend 
upon the degree of modulation, and the power required to 
produce them represents the additional power necessary to 
effect modulation of the carrier. 

Power Distribution in Modulated Carrier. It is of 
considerable interest to discuss the distribution of power in 


Side Band *■ amplitude -f* 


Side Band - amplitude 



2a modulation - lOO^ CONTROL (K-i) 
Modulation of carrier wave fy pure tone signal 

A«r |»t (l«K Mfi u>t) 



FiQxrsat 8. 


such a built up wave and to observe the effects of phase dis- 
placements. The question is easily studied with the aid of 
a mechanical synthesis machine ^ and in the discussion which 
follows, actual examples of built up modulated waves taken by 
such a machine developed by one of the authors will be used 
to illustrate the various points. 

Graphical examples of a sine modulated carrier with different 
percentage modulation are shown in Figs. 8,. 9 and 10. 
Considering Fig. 8, for 100% modulation, the distribution of 
power will be proportional to the square of the individual 
waves, and it is seen that there is twice as much power in the 
carrier as there is in the two side bands together. If we 
have a oairier 60% modulated, as shown in Fig. 9, thm the 
amplitude of each lode bandl will be one-quaxter the carried 
* Uanxni Beviewa, Koa. 9 and 10. 
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Upper Side Bend 


Lower Side Bend 


lltJIU 
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2c. MODULATION -UNDER CONTROL (K*0 5) 
Illustrating modulation conditions consistent with good quali^. 
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amplitude, and hence the total side-band power is only one- 
eighth the carrier power. 

If we modulate too deeply, side-band power is produced in 
too great a proportion and the result is a distorted wave, as 
shown in Fig. 10. 

The power proportion of carrier to side bands is, of coui^, 
not a ccmstant for a given percentage peak modulation, but 
varies with the shape of the signal wave, the more peaky the 
wave form the less power there is in the side bands for a given 

Upper Side Band 


Lower Side Band 


Carrier Wave 

- 
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2s. MODULATION - OVER CONTROL - (K-I-25) 

ttluslrsiing conditions which would give rise to distortion 
in Radio Taiaphorly. 


AsiN«it{t«Kainu»U 



fuiraa 10, 
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value of peak amplitude. It really comes to a question of 
wave area, and examples in Figs. 11 and 12 show this. Fig. 
11 shows a carrier modulated by a signal wave having a third 
harmonic with such a 
phase that the harmonic r| 
does not raise the peak ^ 
of the wave but merely 
broadens it. Such a 
signal having one har- 

monic (compare enve- 

lope with Fig. 24) will 
have two side band 
waves each side of the ^ 
carrier; one pair for the 
fundamental and one 
pair for the harmonic. 

Thus, for 100% modu- 
lation, a fundamental 
signal amplitude of half 
the carrier can still be 
retained without over 
modulating and the 
amplitudes of carrier, 
signal fundamental side 
bands, and harmonic 
side bands will then be- 
come as shown; that is, 
the fundamental side 
bands are half the am- 
plitude of the carrier, 
and the side bands pro- 
duced by the signal 
harmonic are one-cdxth 
the amplitude of the Ficnm li. 

oaxxier. The power dis- • 

trilmiion in such a wave will be, therefore, 1 in oaxrio: to .666 
inside bands, sltoi^ii^tiiat because the wave is broader for 
the same pe^ value its powm* oontmit is greeter than in the 
sine ease, flad t^ lUhird harmonic beemi inehxded such tiiat it 
came in phase the peidc of the signal fundmnental, thus 
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making the envelope peaky, as shown in Mg. 12, with the 
same carrier it would be necessary to reduce the amplitude of 
the signal component to prevent over-modulation. In this 
case the power content of the two side bands becomes .312 

of the power of the 


carrier for 100% mod- 
^ Illation. 

■ The type of modu- 
lation containing the 
5 most power is a square 
p; 4| wave, as it has the 
greatest area for a 
■ given maximum am- 
1^(4' plitude, and in this 
case the power in the 
side bands rises to 
equal that of the 
;; carrier, for 100 % 
modulation. 

Thus, given the 
most favourable con- 
sul ditions, there will al- 
'■}}% ways be as much 
power expended in the 
carrier as there is in 

flplMlBiiSIHfes , 

Vector Analysis 
of Amplitude Modu- 
latedWave. 

ailfe^ f Although we have 

XloTTBB 12. a spectrum of fre- 

quencies to deal with, 
ordinary vector analysis applied to an amplitude modulated 
wave is a simple conception because the side-band waves are 
so disposed about the central earner-frequent^ that each 
pair combmes to form a frequency equal to that of the carrier. 
Conner the case of a sme-modulated carrier. We have to 
think of the addition of three rotating vectors, a carrier-vector 
C and two side-band veokos 8i and 8^ of appropriate length, 
as dbiown in Fig. 13. Since at all moments one side band is 






V' '■ - V-' ■ 


Fiottbs 12. 


MODULATION OF HIGH FREQUENCY WAVES 33 

gaining on the oaiiier as much as the other is losing, we can, 
for oonvenienoe, consider the carrier vector stationary and the 
side-band vector 8^ rotating at a uniform speed of /, oydes per 
second in a clockwise direction and 8^ rotating at a uniform 
speed of /, t^clra per second in an anti-clockwise direction. 
The addition of these three vectors will obviously result in a 
vector stationary in position (of the carrier frequency), but 
var3ring in amplitude at the modulation frequency, the cyclic 
variation of amplitude being obtained from the instantaneous 
resultant side-band vector 8^ and the carrier vector C. Since 



Fiocbs is. 

this vector group will be rotating at constant speed it is clew 
that the resultant wave is one of constant frequency, varying 
in amplitude. 

Such a method of visualising a modulated carrier provides 
a simple analysis, for the addition of uiy group of upper 
side-band vectors to its conesponding group of lower side- 
band vectors must always produce resultants which are exactly 
additive to or must' be subtracted from the carrier directly. 

Obs«ve that the side-band vectors are rotating at constant 
angular velooity, once for every cycle of modulation and the 
angle traced out is equal to the ^porticm of modulation cycle 
comideted, that is to say, since one cycle of modulatuni is 
represented by a cmni^ete revolution of each side-baad vector, 
a cputarter of a i^cle lsf modulation is rejaesented by angular 
potitioQB of of tlm veototB, bnlf a ctyote bj:!: 180^ and so 
c 
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on. If we change the modulation frequency we change the 
rate of rotation of the side-band vectors, but one cycle of 
modulation will still be represented by 360° angular change, 
and in consequence there is always the same simple direct 
relationship between the modulation cycle and the angle traced 
out. 

By plotting the vector amplitude on a time base we can 
show the variation of modulation envelope and if the ratio of 
carrier to modulation frequency is known we can also show the 
varying carrier that builds up this modulation envelope. It 
is to be noted that as long as the vectors are rotating at constant 
angular velocity no change of frequency is involved. 

Carrier - Suppression. 
In order to efiect economy 
of working, the suppression 
of the carrier from the 
transmitter has been sug- 
gested, and we will discuss 
such a case. 

If we suppress the carrier 
from the synthesis wave, 
the wave radiated and re- 
ceived is the beat produced 
by the side bands alone, 
and for the case of a sine signal, the radiated and received 
wave will appear as shown in Eig. 14a, no matter what was the 
original percentage modulation. 

If we trace out the signal component it will be seen that 
the datum line of the signal wave now coincides with the 
zero line of high frequency, thus conforming to the definition 
of a non-carrier system previously given. An interesting 
point to observe, shown in Eig. 14a, is the phase reversal 
occurring at every half cycle of modulatii^ (xnuponent, 
which is analogous to the phase reversal of current in the line 
case. If reception of this oairierlesB spectrum is considered it 
wfil be clear that detection will not give the (riginal s^snal 
because the detedxn is unable to interpret the meaning of the 
phase reversal at the half <yde, and in conseqvK^ooe tire signal 
received will be of double frequency and distort^, an exactly 
analogous case to the unpolariaed tdephone. To obtain tlm 
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original signal it is necessary to polarise the Feceiver with a 
high firequency carrier of the correct frequency and having a 
correct phase. The automatic phase reversal shown in Pig. 14a 
makes it clear how the addition of a polarising carrier at the 
receiver can build up the correct envelope shape. Por the 
side bauds, each being displaced on the frequency band an 
equal amount above and below the carrier frequency, when 
added to each other form a beat wave of the carrier frequency ; 
thus if a carrier is added so that it is in phase with the one-half 
of the modulated wave it raises the envelope up ; and because 
of the phase reversal, the carrier automatically assumes an 
antiphase condition with the second half cycle, the result being 
a corresponding reversal of envelope shape, and a correct 
reproduction of the original signal wave. 

Pig. 14b shows the side-band spectrum for a signal with 
a third harmonic. Here again the datum line of the signal 
wave will be found to coincide with the zero line of high 
frequency and the phase reversal at the half cycle of signal 
is still in evidence. 

It will be realised that it is extremely difScult to obtain two 
or more high frequencies sufficiently constant that they main- 
tain the same phase relationship over a period of time (particu- 
larly on short waves), and we must therefore discuss the effect 
of phase sliifts on the resulting envelope. It should be pointed 
out in passing that one can only talk about phase relationship 
between waves of different ^quencies at some point of 
reference, and in the particular case under discussion this is 
the phase of carrier at the instant of time when the side-band 
waves are in phase opposition ; such a point of reference in 
the case of a sine modulated wave indicates the commencement 
of the signal envelope. 

Effects of Phase Change in Re-introduced Carrier. 
Before considering a signal of complex .shape it will be oi 
interest to show '|he effect of carrier phase-shift on a sine- 
modulated wave with deep and shallow modulation, and the 
curves for this case are shown in Pigs. l3, 16 and 17. 

Pig. 16 shows that with deep modulation (100%) and a pure 
tone signal, ciohsi'derable distortion oociurs with Very small 
phase shifts d oaraier. Pigs. 16 and 17 depict the case where 
the percentage modiilati(»i^. k 60% and 26% respectivdly. 
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These ouiyes show two remarkable features ; first, a decrease 
in the effective modulation ; secondly, no change in the posi- 
tion of modulating envelope on the time base but the intro- 
duction of distortion, but only as the carrier approaches 
quadrature. Thus considering the case of a signal (50% or 


}F*s. 


10” phase. 


70® phase. 


90® phase* 
Figubs 15, 


26%) modulated, as the carrier phase is shifted from 0° to 90°, 
the depth of modulaticm progressively decreases, ^wly at 
first, but rapidly as the phase shift approximates to quadrature 
until with a phase shift of exactly 90° the modulation has 
almost completely disappeared. 

If the idiiit of phase is increased b^nd 90° the modulathm 
rMppears with a reversed smme, and with a ]^uee ihift of 
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ISO” of osmner the signal resumes its original depth of modula- 
tion, but completely reversed. It can be imagined that for a 
signal envelope to go through a process of being turned inside 
out, as it were, necessitates a transition stage where the effective 
modulation is decreased as shown. With the pure tone signal 




80* phue. 



0* phase. 




90* phase. 

Eioubb 16.-80% Mod. 



90* phase. 

Fioubi 17.-26% Mbd. 


and deep modulation this is accompanied by distortion. It is 
important to observe that this demodulation^ is not the 
only effect present, for a careful examination of the resulting 
wave form will show that the radiated ^ve is now not quite 
constant in fiequency but varies between limits whidi increase 
as the appareiif depth of modulation decreases. This will 
be referred to later^ 

Fig. 18 shows sen example of a carrier wave 60% modulated 

* 3^ word demodol&ticm is used to indioaitie » process which reduces moduht- 
tlon md not M an altematiTo tern for deteotion* 
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by a s^nal haviiig a strong third harmonic, the phase shift of 
carrier being indicated on the diagram. These figure show 
how little distortion appears as the carrier phase is changed, 
and it is seen that there is no relative phase shift of harmonic to 
signal fundamental. 

That is to say, the effect of a shift of carrier phase for shallow 
modtilation in ordinary telephony is to bring about a demodula- 
tion effect and introduce distortion: That is assuming such a 
wave be received by a system which responds to amplitude 
change, any small frequency variation passing unobserved. 




0* phase. 



90* phase. 


70* phase. 



Frauiut 18. 


180* phase. 


Vector Analysis of Suppressed-Carrier System. 
Consideration of the vector analysis shows how these results 
come about. 

If now we consider a carrier having a phase shift of say 90” 
it means that the sum of the side-band vectors must not be 
added directly to the carrier, but in quadrature, as shown in 
Eig. 19 ; because of this, if the carrier vector is large compared 
with the side-band vector (as it is for shallow modulation) the 
resultant amplitude of these two vectios added in quadrature 
win adways be approximately the same, for a small vector 
added in quadrature'to a lai^ vector gives a resultant of almost 
the same amj^tude as the larg» vector, as diown in ISg. 19. 
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Considering the rotation of this group of vectors, our carrier 
vector is the reference point, and it is dear that the vector 
resulting from the carrier and the side-bands no longer main- 
tains a constant position relative to the carrier, but it is at one 
time leading it, and at one time lagging behind it ; in fact 
there is a cyclic variation at the modulation rate, and we 
therefore come to the conclusion that the resulting wave is 
no longer constant in frequency but varies cyclicly at the 
modulation frequency, this frequency variation being additional 
to the small cyclic change of amplitude. 



THE RESULTANT VECTOR SWINES EITHER SIDE OF CARRIER 
BETWEEN UMITS DETERMINED BY THE PERCENTAGE 
MODUUnON THIS CONSTITUTINE A FRERUENCV VARIATION. 

Fiotibb 19. 

Phase-shifting the carrier of an ordinary amplitude-modu- 
lated wave has the effect, therefore, of reducing the amplitude 
modulation and introducing a frequency modulation ; and 
Tvith a carrier phase-shift approaching quadrature, the 
wave may become almost demodulated, although a change of 
frequency will have been introduced which may become 
fairly considerable. 

If a carrier is introduced of a different frequency it will beat 
with the side-b^d spectrum and there will be transient con- 
ditions onlji wbiere .the envelope is reproduced correctiy. 

The ccmoiusions<one arrives at ace, therefore, that to prevent 
signal demodulatum we must hold the carrier phase to within 
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a few degrees per cycle, and since this is an impossibility with 
present day technique, because of insufficient frequency 
stability, a suppressed carrier system is not a practicable pro- 
position. 

Single Side>Band Working. To overcome the difficulty 
of working a suppressed-carrier system a compromise has been 
effected by adopting what is known as a “ single side-band 
working,” and this system is of considerable interest, for it 
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reduces the frequency spectrum used. It should be pointed 
out, however, that sin^ side-band working has no powmr 
eocmomy over full side-band working with a suppressed oatiier, 
and it has its limitations, as will be seen. 

Consideration of tiie original high-frequmroy spectrum shows 
that either dde-band contains the signal components. Sipgle 
side-band working, therdiore, consists of suppressing . at the 
fransmitter not only the carrier but cme side band as wdl, and 
^us one group of waves is trannnitted having the frequency 
of carximr plus (or minus) the signal component frequmroies. 
Supprssehm of the earner can be oaxried out by a balanced 
drooit, as described in Chapter iX, the side-bands biAig 
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separated by any oonvenient form of filter oironit. As in the 
ease of suppressed-carrier working, to reproduce the signal at 
the reoeiTer it is necessary to add a polarising wave of the same 
frequency as that suppressed, since detection of the side- 
bands alone does not result in the extraction of the signal 
component. 
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The theory of action is that because the carrier differs 
from the wares of the side-band by amount of the signal 
components, the beating of the group with a similar carrier 
produces a synthesis wave whose envelope is the signal. 

Thus in the ease of a sine signal of frequency modulating 
a oarrier of feei^uenoy two side-band waves are jncoduced 
{/,+/,) and (/«—/,). Thus, if the uppeor side band is being 
it will (»msist of a frequency (ft+f,)- The addition of 
a oan^ &equenoy at the receiver before deteoticn 


42 SHORT WAVE WIRELESS COMMUNICATION 

ptoduoes a wave whose beat envelope will have a frequency 
of (/,+/,) -/„ namely /„ the original signal frequency. 

This simple arithmetic, however, is somewhat misleading, 
and it will be found that although f, does ap^ as the chief 
frequency in the detector output, the original envelope 
shape is not reproduced, although under certain conditions 
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the distortion can be reduced to a small amount. Consider 
the above case. Single side-band working for a sine signal is 
a transmission of a single wave difiering in frequency from the 
carrier by the amount of the mgnal frequmicy. Additimi of a 
local carrier produoesan envelope of theoriginalsignalftequenoy, 
as i^wn in Mgs. 20 and 21, but from observation this envelope 
is oOTtainly not a sine wave. If the carrier added .» large in 
un|ditade compared witii the mde-band, the envek^ appears 
to iqpfooaoh more to a sme shape; as is shown in lig. 21 (ccun- 
^ widi S5g. 20)i and this indicates ta»at for sii^ side-band 
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work a very large local carrier is necessary, if good reproduction 
is required 

Effect of Phase Changes in Single Side-band System. 
It is of interest now to discuss phase and frequency changes 
of the added carrier. Considering the sine-signal case, since 
the side-band consists of one wave only, it is obvious that the 
same envelope will be produced whatever phase is considered, 
although of course the phase of envelope is not a constant. 
If the signal is not a pure sine wave the different frequencies 
comprising it will all get different phase shifts, as will be shown. 

Consider a signal having a third harmonic. The original 
modulated carrier wave for such a signal produced by the 
transmitter is as shown in Fig. 11. If we suppress the carrier 
and one side band, what is radiated and received will be one 
side band only. If we assume the “ lower ” is used. Fig. 
22 shows what this radiated wave comprises, from which we 
can see that the envelope has no obvious relationship to the 
signal. 


If carefully examined 
it is found that the 
envelope is actually the 
difference frequencies of 
the wave making up the 
signal. Thus in the pre- 
sent case of a signal with 
frequencies 1 and 3, the 
difference is 2, shown by 
the envelope. 

With a pure tone, since 
there is only one frequency, 
the difference frequency is 
0, that is the single side- 
band wave for a pure tone 
is a continuous wave. 

As stated previously, to 
be able to obttdn the correct 
intelligence it ui necessary 
to add a carrier to this side- 



band wave befoi^ detec- 


tkm. and we will consider Itocu 23. 


1 
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first the mtioduotion of a carrier of correct frequency but 
having correct or incorrect phase. 

Fig. 23a shows a carrier introduced with Correct phase. 



(o) 90* phaae. 
FrouBB 23. 


In Fig. 24 is shown the 
synthesis wave of a signal 
with third harmonic, the latter 
having different phase shifts 
as indicated. If these wave 
shapes are compared with the 
modulated envelopes of Fig. 
23 it is clear that the latter 
can always be identified with 
a signal having a third har* 
monic. But since the enve- 
lopes are different it means 
the phase shift of the har- 
monics is different from that 
of the signal fundamental. 
Ocmsidering the case of the 
carrier introduced with a 90** 
j^iaae shift, it appears that 
whereas the fundamental of 
the wave is shifted oyde 
along the time base the third 


Fig. 23b with a carrier 45° 
phase shift, and Fig. 23o with 
90** phase shift. Had the phase 
shift been 180° the envelope 
would have been completely re- 
versed in sense. At first sight 
these envelopes appear quite 
different, but actually they all 
contain the same audio frequency 
components with different rela- 
tive phase shifts, and we must 
consider what effect this has. 



3*° HARMONIC IN PHASE 




3** HARMONIC ISO* PHASE SHIRT 

Itonn SML 
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haimonio is shifted | of one quarter cycle of the ftmdaxaental 
signal frequency, i.e. into anti-phase with the signal funda- 
mental. This means that with a wave rich in harmonics, not 
only will the phase of the fundamental be shifted but the phase 
of each individual harmonic shifted a different amount, and if 
one considers the general case it is observed that the phase 
shift of the different component frequencies is directly pro- 
portional to those harmonic ratios. 

Because the shape of the resulting envelope depends upon 
the relative phf^s of the different components of the signal it 
follows that in single side-band working, the envelope shape 
alters considerably with a phase shift of carrier. If, however, 
such a wave is being received aurally, the intelligence con- 
veyed by the ear to the brain will be exactly the same what- 
ever envelope shape is made by the combinatiion, for the ear is 
only capable of interpreting frequencies and amplitudes, and 
not phases. It interprets frequencies accurately, amplitudes 
indifferently, and phases not at all, and this statement is true 
for all waves which are not transient in character. 

If the added carrier is altered in frequency, the pitch of the 
fundamental will alter, and since the difference frequency to 
the harmonics changes, the signal harmonic frequencies will 
alter relative to the signal fundamental, but it should be 
observed that because the signal fundamental has the smallest 
difference of frequency to the carrier, a small change of 
carrier frequency makes a larger percentage change in the 
fundamental of the signal than it does in the harmonics. 
Now if one considers an aural signal, the fundamental convey 
mostly pitch and the harmonics mostly character, and because 
the harmonics are changed comparatively slowly compared 
with the fundamental, one can allow quite a remarkable amount 
of oarriei; frequency change before a speech signal becomes 
unintelli^ble, the most marked alteration being the rapid 
change of voice pitch. The above statements are true for 
speech but not for the transmission of musici for in the' latter 
case much of the pleasure (or otherwise) lies in the combination 
tones of the v^ous frequendes, and if these axe upset the 
result is discord <; 

'jRie general inlsrenoe is, then, that sin|^ side-band working 
offraa a wide field development lor certain dasses of traffic, 
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but that field will be limited to s 3 rstems employing aural 
reception, unless distortion of enTelope can be permitted, 
frequency characteristic of circuits improved or synchronis- 
ing systems adopted. 

Actually no intelligence can be conveyed by a single side- 
band system unless ; 

(а) The intelligence being conveyed is known to the 
receiving operator, or : 

(б) The exact carrier frequency originally suppressed 
by the transmitter is known at the receiving station. 




In the case of telephony, for instance, the receiving operator 
knows that he has to receive intelligible speech and in conse- 
quence automatically adjusts the system until this is obtained. 
But suppose the intelligence required is a pure tone, i^n since 
the single side band is now but a single frequency of constant 
amplitude, the receiver can in no way collect the original 
intelligmce accurately. 

Phase and Frequency Modulation. As indicated in a 
inevioos section of this chaptm:, alternative methods of 
modulation involve pha^ or frequency changes instead of 
amplitude changes. In ]diase modulation, the signal produces 
a (fiiange in the phase of the carrier which is proportion^ 
to the instantaneous amplitude of the «lgnal irrespet^ve dS the 
signal ^quem^, as dhown in Eig. 26 ; whereas with frequency 
modulation, the signal produces a frequency deviation/ A 
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proportional to the instantaneous amplitude of the signal 
irrespeotive of the signal frequency, as shown in Fig. 26. 

If we consider the application of a sinusoidal signal, both 
systems are essentially the same in effect, because a sinusoidal 
phase displacement represents a frequency deviation projmr* 
tional to the rate of change of slope of the phase-time curve, and 
this is still sinusoidal as indicated in Fig. 25, which shows the 
phase displacement time cturve and the resultant frequency 
deviation time curve beneath. It will be observed from Fig. 
25, where curves for two different signal frequencies are given, 
that at points of maximum phase displacement the rate of 
change of phase is negligible and in consequence the frequency 



FiauBB 26 . 


is that of the unmodulated carrier ; whereas at points where 
the phase displacement is changing most rapidly, tlie fioquenoy 
deviates from the carrier by an amoimt which is proportional 
to this rate of change of signal, the higher frequency giving 
a greater deviation frequency. Thus, with a phase modulated 
carrier, although the phase displacement is a constant for a 
given amplitude of signal, the rate of change of phase and in 
consequence the deviation frequency increases with the signal 

A / 

frequency, the ratio remaining a constant. 

Jt 

Althou^ there is a similarity between a phase and a fre- 
quency modulated wave for an applied sinusoidal wave, this 
is only because the differential of a sine wave is still sinusoidal 
in form ; for other of signals there is a distinct diffwence. 

For instance, consider the appHcation a signal having a 
square wave-frann. ^ Fca the case of phase modulation, the 
wave remains oondtaat in frequency /,, but suddml^ changes 
phase every half cycle of modulation, whereas in the case cff a 
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firequenoy-modiilated wave the frequency of the oanier will 
suddenly change every half-cycle between limits of (/,-f A/) 
and (/,— A/)* 

Phase Modulation. Consider a carrier wave whose 
amplitude A and frequency /, remain constant, but whose 
phase is varied sinusoidally about a mean value ^ by an amotmt 
where (jb^xlOO) is the percentage modulation. By 
following reasoning similar to the amplitude modulated case 
we have ; 

i=A sin |««),< -f (1 -|- fcj, sin 

—A sin “f" ^ "f" kp^ sin ... (6) 

Let mp — kp<p and assume the carrier phase-angle is 0°. Then 
it can be shown that : 

t = A sinu^+J i(mp) 

+ I sin («,-f sin (w,— 2w,) 1 1 

-t- J„(mp)|sin («,-!- TKtf,)*- sin I . (6) 

Where J (ntp) Ji(mp) are Bessel functions with argument m,. 
Erom tables of Bessel functions the values of the coefficients 
may be found for any value of percentage modulation. Exam- 
ination of equation 6 and reference to the amplitude coefficients 
would show that the modulated wave would comprise a carrior 
wave and two groups of side-bands of frequencies 

/tdb/o /«±2/„ /,±3/, .... f,±nfp. 

Unlike the amplitude-modulated wave, ho\rever, each 
modulation frequency produces an infinite spectrum of side- 
band pairs, instead of a single pair; moreover the carrier 
amplitude does not remain unchanged, but has an am|ditude 
which depends upon the percentage modulation, and tibe phase 

aide-bands rdative to the oarriw is not zwo (as previously 
defin^), but that of each pair alternates betwem zero and 
cpiadrature. If r^erenoe is made to a previous example of 
quadrature phase of a sini^ pair of side-bands (see page 88), it 
was se^ that the resultant had not ooly a frequmicy irariatton 
but a small amphtude variation as ; the mluodnetkm of 


sin (wg+ m,)t— sin {w, 
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this infinite series with alternating phase is to level out this 
amplitude difierence. 

Fig. 27 shows (left hand) the frequency spectrum (half) for a 
phase modulated carrier for an applied sigiul frequency of 6 kc/s 
and for different values of hp and for a max. phase displace- 
ment of ^<=10 radians, in which side-bands less than xi^uth 
of the unmodulated carrier have been neglected. These 


PHASE 10 RAD FREQUENCY Af=fOOkCS 



CARRIER 

Fioubs 27. 

figures show that the width of the spectrum is not dependent 
upon the signal frequency necessarily, as with amplitude 
modulation, but also upon the equivalent deviation frequency 
produced, which in turn is dependent upon the phase angle 
and percentage modulation. Although there is no simple 
relati<mship between band-width and the ratio , of signal to 
deviation frequency, in general it is determined by whichever 
is tiw greater, §nd where one is much greater than the other, 
the band width is 4coo|^ily twice the greater frequency. For 
instance, in the example given of radians for 100% 

modnlat^n, a deviation frequency A/ of 50 ko/s is produced for 
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a 6 ko/s mgnal, and the band width is in this oeuse rather greater 
than twice Af; whereas with a low percentage-modulation 
(1%) the deviation is only one-tenth the signal firequenoy, 
and in this case the band width is approximately twice the 
signal frequency. 

Frequency Modulation. Following similar reasoning for 
the phase modulated case, it can be shown that a frequency- 
modulated current wave may be expressed : 


» —A sin jsin («>,+<«),)< —sin 

-{-«/ j(}n^)-^sin (ii>j"l-2ft>j)^-j-sin (wj — 

-t-J,(m^)|8in sin («,— J . 


( 7 ) 



and Af is the deviation frequency for 100% modulation. 
Comparing this with expression (6) it is clear the resultant 
spectrum for a frequency-modulated wave will be very similar 
m form to that for a phase-modulated wave, the only difference 
being in the value of the coefficients and At the signal 
frequency for which these coefficients are' equal the two 
spectra will be identical, but any change of frequency would 
produce a difference. We can say that as with phase modula- 
tion, the band-width is in general determined by whether Af 
or ff is the greater, and where one frequency is much greater 
than the other, the band-width is approximately twice the 
greater frequency, the frequency spectrum for a frequency 
modulated carrier being shown in Fig. 27 (right) for a signal 
of 6 kc/s, and Af — 100 kc/s. 

Vector Analysis of Phase and Frequency Modulation. 
With amplitude modulation we were interested in a synthesis 
wave of constant frequency and varying amplitude. The 
vector representation of such a wave is explicit and simple 
because the length of the vector shows directly the insteatan- 
eous amplitude, whilst the angular position frmn a given 
datum Shows the phase relative to that datum. Because we 
are dealing with a constant frequency, the constant angular 
cotathm of tiie vector scarcely mitets into the argument. The 
uie of tiiis same vector odnvmitum to expfresB a j^laae w 
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fireqiiency-iuodulated oarrier becomes more difficult, because 
we have a carrier whose frequency is varied. Thus instead 
of a vector rotating at constant speed but varying in amplitude 
per modulation period, phase or frequency modulation will be 
represented by a constant amplitude vector having a cyclic 
variation of angular position frrom a given datum, and a 
variation of angular velocity per modulation period, a rather 
more difficult conception. 

It may be rather easier to explain if we consider first a 
carrier /, (say 100 c/s) modulated by a square-wave signal 
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to a maximum deviation fi:equency A/ of say 1 c/s, at a signal 
frequency f„ for which we will take different values as men- 
tioned later. Such a modulated carrier would be represented 
as shown in Fig. 28, where modulation of the carrier is carried 
out by increasing the frequency to 101 o/s frx>m time to 
reducing it suddenly to 99 o/s, shown fiK>m to the rate at 
which this periodic change is made being of course the modula- 
tion period. 

As we are assuming the changes from 99 to 101 «ad back are 
made instantaneously, there are transient conditions only 
at ti, <|, it, etc., where the frequency passes through the catiier 
value of 100 o/s. 

VeotoriaUy, such a frequency-modulated wave will be 
reprraeated by a vettor which rotates at 101 o/s for a period 
I] to th^ Budd^y slows up to 99 o/s for i^e period t, to 
IVeqii«n^ IB Fig. 28 to BO^. 
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tt and so on. Or, if we adopt the previous convention, namely, 
to represent the carrier by a stationary vector, then for the 
period from to ^ the vector would rotate in an anti-clockwise 
direction at a constant speed, and from to (y in a clockwise 
direction at a constant speed of 1 c/s, as indicated in Fig. 29. 
The transient carrier condition will be shown by the stationary 
vector at the ends of the arc of travel, the imiform speed of 
vector in either direction being dependeUt upon the deviation 
frequency, in this case 1 c/s. 

The total arc of travel of vector, however, is not dependent 
upon the deviation frequency alone but upon the modulation 
cycle, because the longer the time taken to carry out this 
cycle (or the less the modulation frequency) the longer time 
will the vector have to rotate in either direction. For instance, 

^ if the total time of the mbdu- 

, '^'4. ic.p.s lation cycle is one second the 

\ vector will have half a second 

/ \ to rotate in either direction, 

/ ^ and since it is travelling at a 

<2^^ • *'^1^3 imiform speed of 1 c/s, the 

Itotma 29. vector will trace out an arc of 

180”. If we increased the rate 
of modulation (leaving the deviation frequency the same) the 
arc of the vector will be reduced. Thus with a modulation 
frequency of 10 c/s, the ard of travel will be only 18°. 

If we increase the deviation frequency, we increase ike 
vdocUy cA which ffie vector is travelling, and in consequence 
the length of arc will be increased proportionally. Thus if 
the deviation frequency is increased to 10 c/s, and we perform 
the operation once a second, the vector will have time to 
travel 6 cycles both in an anti-clockwise and a clockwise 
direction. Increasing the modulation frequency to 10 c/s the 
arc of travel will be reduced to 1/lOth of this, and thus is again 
brought to 180°. 

Thus fhe arc of faravel of vector is depaadeut upon tibe ratio 
of irrespective of the actual frequencies involvied and 


irrespective of the carrira^ frequency. It might be obmrved 
here lhat with a ficequmuy-modulated oatri^, since the deyia-" 
tioh frequency is constant for all tignal frequehoies this ratio 
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A f 

-f- is not constant but deoxeases with increase of signal 

frequency, and thus the arc of travel will decrease with increase 
of signal frequency. But with a phase modulated carrier, 

/. 

a constant for all signal frequencies, but the velocity of vector 
increases proportionally as the signal frequency is increased. 

If now we consider the application of a sinusoidal signal, 
the change of deviation frequency is not made instantaneously 
at the points but sinusoidally throughout, and this 


since the ratio 


is a constant, the arc of vector travel is 



will further modify the length of travel of the vector represent- 
ing the cycle of events. For instance, consider the same carrier 
of 100 c/s deviated to a maximum frequency of A/=l o/s as 
shown pictorially in Fig. 30, the frequency reaching its maximum 
and minimum values at points half-way between the times 
h, U) difierence veotorially will be that the vector 

representing this changing frequency will not swing at a 
miif nmn velocity each way but with an angular velocity which 
varies sinusoidally throughout its swing. Thus at the ends 
of the swing the velocity is sero, representing the carrier 
frequency, and it gradually increases from zero to a maximum 
velocity representing the maximum deviation firequenoy at a 
point midway between the extremities of arc. Thus taking 
the jnevious example if the deviation frequent^ is 1 c/s and 
the rate at which^the modulation is mmie Is also 1 c/s, t^ will 
mean that the vector will have half a second to tiavel in either 
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direction, but since its velocity is not uniform (as with a 
square modulation signal), but only reaches the velocity of 
1 c/s at the centre of swing, the vector cannot travel 180°, but 
2 

only - X 180°. As before, the arc of travel will also be depend- 

TT 


ent upon the ratio 


We must of course clearly understand that this vector 
only relates the periodic change of two functions and to find 
the frequency at any point of the cycle, we must know the 
actual figures involved. 

Note that such a swinging vector will equally well represent 
either a phase or a frequency modulated wave. But the phase 
angle will be directly correlated to the mid position of the 
vector, which will be the carrier position for a phase modulated 
wave, phase angles being traced out either side of this mid 
position. The deviation frequency resulting from the modula- 
tion of the phase will be shown as explained by the velocity of 
the vector, and as was seen with sine modulation the velocity 
is in quadrature with the phase angle. 


Resume of Phase and Frequency Modulation. In 
general phase and frequency modulation systems are classed 
under the headings “ narrow ” and “ wide,” that is whether 
the deviation frequency produced is small or large compared 
with the fflgnal frequencies. 

There are two principal advantages which phase and fre- 
quency modulated systems have over an amplitude modulated 
system. The first is that the transmitter can be operated 
under more fovourable conditions. If reference is made to 
Chapter X, page 286, it will be seen that a valve transmitter 
when delivering its peak output operates at its highest effidency . 
Now it is detur with an amplitude modulated carrier the energy 
surges from high to low levels each modulation cycle and in 
consequence the average efficacy must be less than if the 
transmitter was maintained at peak output throu^mut the 
cyde. With frequency and phase modulation, because the 
amphtude renuuns constant throughout ihe modulaiaon oy<^, 
we csn operate the transmitter at its high efficimicy oondidmr 
throughout. 
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The second advantage is the increased signal /noise ratio that 
can be obtained, particularly with a wide-deviation modula- 
tion, This is due to the fact that the noise is limited to a band 
width within audio range of the carrier, whereas the modula- 
tion spectrum is caused by a very much wider band of 
frequencies. For example, with a A/ of 100 kc/s. as shown in 
Fig. 27, although the power is carried by froquencies spread 
over the whole of this frequency range, the noise contribution 
is confined to a band width dependent upon the maximum 
audio frequency, e.g. 6 kc js. 

It would be out of place to discuss the advantages and dis- 
advantages of the various systems as they concern the enter- 
tainment field principally and the future balance of the types 
adopted will be governed largely by geographic, political and 
economic considerations. It is sufficient to state that ampli- 
tude modulation is used in 99% of commercial apparatus ; 
that frequency modulation is used to a . small extent in 
telegraph services (see page 428), and wide-deviation phase 
and frequency modulation systems are being developed to 
produce supplementary broadcast services of high quality 
but limited range on u-s. waves. 
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CHAPTER IV 


THB PEOPAOATIOS OF SHORT AND TTLTRA-SHOBT WAVES 
AT SHORT DISTANCES 

In this and the following chapter the very involved subject of 
wireless wave propagation will be treated only in a descriptive 
fashion. For the sake of completeness, it will be necessary to 
refer briefly to the longer waves but the main discussion will 
be concerned with short and ultra-short waves. 

It is evidently , very desirable that it should be possible to 
predict the signal-strength which will be obtainable at a 
distance from a transmitter of specified power and firequenoy, 
and using a given aerial system, etc., but the acquisition of 
sufficient data to do this is one of the most difficult problems 
in wireless engineeriiig. Theoretical investigations require 
advanced mathematics and numerical solutions usually depend 
upon constants which must be determined experimentally. 
The measurements to determine the constants or to confinn 
the theories are difficult. Oidy simplified conditions (as, far 
example, the assumption of a simplified ionosphere and a 
smooth q>heiiical earth of imiform conductivity and dielectric 
constant) are amenable to theoretical treatment in general. 

Wireless telegraphy had been a commercial proposition for 
some time before any such measorements had been made, 
but progress in recent years has bwn ra|ad, due to the pains- 
taking research of numerous work- in many oountrieB. As 
a result of the information collected, a Committee of the C.C.I.B, 
were able in 1939 to draw up a oomjHehenuve repmt** giving 
quantitative curves and data coveting tbe propagatiou, 
under average oonditums, of wiretees waves of ak wave- 
Imigths in use. This oertaiifi^ does' not memi, however, that 
finality has been reached in the study wkeleBS j^pagaiion, 
inasmndi as much mara infbrmaiioB is stffi reqedBed to clear 
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up a number of doubtful points and explain tbe numerous 
results which occur periodically and do not conform to type. 

In fact the more statistical evidence that is accumulated 
the more one realises that the behaviour of the ionosphoce 
is like that of the weather. Whilst one can give guidii^ rules 
as to its probable behaviour at a certain place, date, and time, 
the vagaries of the ionosphere will be certain to produce many 
incalculable results from time to time. 

The study of wireless waves involves the behaviour of surface 
waves over the earth, and propagation through the earth’s 
surroimding atmosphere. In short distance ' communication, 
using short and ultra-short waves, we are chiefly concerned 
with the former, and it would appear desirable to commence 
with a discussion of short distance propagation. 

The Hertzian Dipole. The simplest arrangement to con- 
sider as a source of radiation is a straight conductor, very 
short compared with the wavelength produced and carrying 
a uniform alternating current. The radiation from practical 
aerials can be calculated by considering the aerial to be composed 
of a number of such elements. 

The equation for the electric field at a distance from the 
dipole and on a plane perpendicular to the conductor is given 
by 

E = 377 — volts per metre 

Xr 


where 2 A is the height of the complete dipole ' 
X is the wavelength 
r is the distance 

and I is the current in amperes 


in 

metres. 


It will be evident from the shape of a dipole, that if it is 
vertical, the radiation will be the same in all directicms in a 
h<nrizontal plane, and this radiation can, therefore, be illustrated 
by a polar diagram as in Eig. 31a, where the ra^us represents 
the field strength which would measured if a suitable ap- 
paratus was earned round in a oirole, having the dipole as its 
omtxe. A ooooderation of the field distribution m a zenithal 
I^ane shows that there will be no radiatum v^idfily, maximum 
radiation hoxizontlslly, and fox other zenithal anj^ it is 
tedneed, following a oom» law, as shown in Fig. 31b. The 
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distribution in all directions is therefore represented by the 
three-dimoosional figure sketched in Fig. 31c. 

It will be observed from the fohnula that the field strength 
falls away as the firit power of the distance, this reduction of 
signal strength simply being due to the spreading of the wave. 

At points really close to the dipole, i.e. less than one wave- 
length, there are also the ordinary electric and magnetic fields 




Fioubs 31. 


to be considered in addition to the radiated fields. As, how- 
ever, these induction fields are inversely proportioned to the 
square of the distance, they quickly become n^ligible and need 
not be (xmsidered in propagation problems generally, but they 
are important in problems connected with the behaviour of a 
number of radiators near to one another. It should be mm- 
tumed riiat the induction :^ids are in time quadrature with 
eadi other, whereas the radiation fields are in time phase. 

We now require to know what pow^ is bring radiated away 
from the dipole, and as hi the idrid case thme is no loss in 
propagation, we can conrider the enogy flowing thrOuj^ a 
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sphere at a considerable distance from the dipole. Our 
equations give the field strength at every point in this sphere 
and from this we can determine the energy flowing through a 
unit area, so that summii^ over the surface we obtain the total 
power radiated. The result obtained by this method is : 




320 IT* ft* /* 
X* 


watts. 


Since W is proportional to I*, other things remaining con- 
stant, this power may be considered as used up in a fictitious 
resistance JS,, such that : 

PF = /* R, 

and it will be seen that the radiation resistance of a dipole is 
given by : 

„ 320 TT* h* 


The modification necessary to adjust the calculations for the 
ideal dipole to fit ordinary aerials will be discussed later in 
Chapter VII. 

The wave at a sufficient distance from such a dipole will be 
plane polarised, the electric and magnetic fields being mutually 
perpendicular to each other, and to the direction of propt^ation. 
In wireless ei^ineering, the plane of polarisation is stated with 
respect to the electric field, and with reference to the earth’s 
plane. Thus in a vertically-polarised wave the electric field 
is in a plane perpendicular to the earth’s tangent plane. 

If a perfectly-conducting, horizontal, plane sheet is passed 
through the centre of the vertical dipole, the fields should not 
be disturbed since the electric field is everywhere perpendicular 
to the plane. We deduce, therefore, that if we set up a half- 
dipole on a perfectly conducting plane, the field in the space 
above the plane is the same as that produced by a complete 
dipole in space. Another way of arriving at the same result 
is to suppose that the half-dipole has produced an “ image ” 
beneath the plane and that the current in the image is the same 
in magnitude and phase as that in-the actual half-dipole. 

Conductivity and Dielectric Constant of the Earth’s 
Surface. In many cases the propagatitm of wireless waves 
over tbe earth’s surface is much affected by the ysdues of 
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oonduotiTity (tr) foid dieleotiio constant (k) and the assump- 
tion of perfect conductivity made above would lead to wrong 
conclusions being reached. The values of v and k naturally 
vary considerably for different kinds of soil and there are also 
lai:^ variations with weather conditions at the same site. 
The soil at different depths will also have different properties 
and it is, therefore, not an easy matter to state an effective 
value for use in a wave-propagation problem. 

Measurements undertaken by the Radio Research Board,** ‘ 
showed very large variations in o- with moisture content. 
Thus for one sample of loam o- was 10< electrostatic units 
(/9 — 9 X 10* ohms per cm. cube) when the moisture content 
was about 1% and 1*6 x 10® (6000 ohms) when it was 26%, 
these figures being taken at a firequency of 1,200 kc/s. For 
the same sample, at the same frequency, k varied from 3 for 
a 1% moisture content to 37 for a 25% content. 

Xbe conductivity increases with frequency whilst the 
dielectric constant decreases, the same sample as previously 
mentioned, when measured at 10 Mc/s, and at a moisture 
content of 25%, gave values of <r — 2 x 10* and k — 30. 

Reflection at the Earth's Surface. We have already 
seen that if a vertical half-dipole is erected on the surface of a 
perfectly conducting plane, the field at a distance can be con- 
sidered as due to a complete dipole. This is a particular case of 
the “ image ” theory by which the effect of refiection is taken 
account of by assuming an image carrying a current I {A | 0 ), 
where I is the current in the actual dipole and (A ) depends 
upon the type of r^eotion and in this case is A =1, = 0°. 

The theory of reaction has been completely worked out, so 
that if o- and k are known, the reflection coefficient appUcable 
to a wave polarised either in the place of inddenoe 
or perpendicular thereto and of any frequency and incident 
at any angle can be determined. The principal practical 
difficulty is to know what values of <r and k to assume, 
espedally if there are changes in the nature of the soil 
just below the surfiace. As the s%nifioant factors in deter- 


the nature of the reflection ue k and J (o- in E.S. units) 

itfiffiowB tiiat the relative effects of k and o- vary greatly over 
the range of frequendes used in wirelew. 
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The reflection conditions are, in general, quite different, 
depending upon whether the electric vector is perpendicular 
to the plane of incidence (Pig. 32a) or in that plane (Pig. 32b). 
The former case is simpler and will be dealt with first. If the 
surface were a perfect conductor then, for all values of 0, 
{A ) would be — 1 ; that is, the image dipole must be con- 
sidered as carrying a current, equal m magnitude but opposite 
in phase, to that in the actual djpole. This is seen to be necess- 
ary to satisfy the boundary conditions because there cannot 
be any resultant electric field along the surface of a perfect 
conductor. 





If the earth may be regarded as a perfect dietectric (<r = 0) 
then there will be a refracted ray passing into the earth, as 
well as a reflected ray. Por small values of 6, (A |^ ) is very 
nearly —1. Por larger values, ^ is still 180°, but A depends 
upon the value of k. Evidently, if k was 1 there would be 
no reflection and A would be zero. 

If we oon^idmr reflection at the surface of sea water (« = 81, 

& SB 10^“ E.S.U.), then for a frequency of 100 Mc/s ^^=*100^ 

the assumption tbat (A | ) is —1 is a vcory close one fat all 

values of 0 and for loirer freqiMmdes would be even closer. 
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For refleotion at the surface of earth, assuming k = 10, 
(T = 10* E.S.U., there is a much greater divei^ence however, 
and Fig. 33 (derived from McFetrie’s curves *) gives values of A 

and ^ for J = 1, and j = 2’6, which correspond (with the 

values assumed for <r) to 100 Mc/s and 40 Mc/s respectively. 

Consider now the conditions for reflection when the electric 
vector is in the plane of incidence (Fig. 32b and 32c). If the 
earth were a perfect conductor, then the horizontal components 



EiouBi 33. — ^Polariaation Perpendionlar.to the Plane of Inoidenoe. 

of the electric vectors would have to cancel for all values of 6. 
This requires that {A ) would equal +1. It is evident that 
when 6 is 90° there is no difieienoe between the two polarisa- 
tions. An examination of Fig. 32o shows that, with the con- 
ventional directions indicated, when 6 is 90° and ^ is 0°, the 
oiuimts in dipole and image will actually be in opposite 
directions, thus conforming with the statement jnevionsly 
made for polarisation perpimdicular to tlm plane* of incitfonce. 

If, on the other hand, the earth may be considered as a pure 
dielectric, then (A ) « —1 for small values of Q (as for 
pdbrisation perpen^oular to the plane oS inoidenoe). As 0 
increases, however, A at first deereases^ becoming amo (that 
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is, there is no reflected ray) at an angle called the Brewster 
an^e, which depends ujion k, then increases t^ain; ^ is 
180° below the Brewster angle and 0° above. 

When actual values of jc and <r are considered, we obtain 
curves such as shown in Figs. 34 and 35, it being observed that 
with ultra-short waves we approach the condition of ^ = 0. 


From these curves it will be seen that the greater j is, relative 

to K, the lower is the angle at which A becomes a minimum 
and ^ changes quickly, but in all oases the image and actual 



dipoles carry equal currents in opporate phase when B = 0°. 
It would therefore appear that wave propagation directly 
along the ground when <r is finite, is not possible, a result 
which we know to be contrar}' to experience. This discrepancy 
will be dealt with later. 

The Ray Theory. We can now apply our discussion of 
reflection at the earth’s sur&oe to an approximate theory of 
propagation which is useful in certain oases. 

^e state of affairs existing whm transmitting over a 
plane surfiuse from an elevated transmitter to an elevated 
receiver may be seen by examhiation of Fig. 36. The attmiua- 
ti<»i of the direct ray will be entirely “ geometrical,” that k, 
due to its quead, 4nd if T is a dipole thm the amplitude of 
the dfreot ray wili be inversely proportional to the distance. 
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If T is a horizontal dipole perpendicular to the plane oon- 
taining the propagation path, then, whatever the value of d, 
the incident wave is polarised perpendicular to the plane of 
inoid^oe. By using curves in Fig. 33 we can therefore find the 
resultant field at B and we could plot a polar diagram for the 
horizontal dipole at T. 

Consideration will show that, except for communication 
with nearby aircraft, or between very high, closely-adjacent 
hiUs, 6 will not exceed about 10°. It follows from Fig. 33 that 
we may take (A |^ ) as equal to —1 in many oases. 

A 



Fxax7BX_35. — ^Polarisation in the Plane of Licidenoe. 

If T is a horizontal dipole but its axis is not peipendioalar 
to the plane containing the propagation path, then the incident 
wave will contain components polarised in the plane of incidence 
as well as perpendicular thereto and it will be necessary to 
treat the compcments separately. The horizontal di^le has 
directive {oroperties and if remote firom earth does not radiate 
along its length. When near earth a vertioally-pDlarieed irave 
is ranted in this direction. 

Suppose now that T is a vertioal dipole. For all valnee of 0 
this win produce a wave entirdiyiKdBrisedintheplaiiee^h^ 
ence, and by reference to curves sudbi as those of Figs. 84 and 
98 we can find the resultant field at R. For vm^aDuil values of 
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0 we see that we oan again assume that (A |^ ) is —1, but it 
is evident that this approximation is only true over a very 
small range of 6, and, furthermore, may be invalidated by an 
effect to be discussed in the next section. 

. Since the values of k and o- are so variable and we frequently 
not known at aU closely, it is useful to have roughly approxi- 
mate polar diagrams for a vertical dipole above the earth’s 



wave band. Fig. 34 suggests that for small values of 6 the best 
simple assumption is to take (A | ) as —1, whilst for higher 
angles (A|^) should be taken as +!• Polar diagrams 
obtained in this way (but for a half-wave aerial, not a dipole) 
are shown in Fig. 92, page 178. 



T' w"''" 




llOUBB 36. 


Reverting now to a consideration of Fig. 36 we see that if 
6 is small and (A ) may be taken as —1, since the distance 
travelled by the direct and reflected wave is almost the same, 
the resultant fleld strength at the receiver will be much less 
than that due to the direct ray alone. 

The field strength in volts per metre when the above con- 
ditions approximately obtain is : 


E » 




where I = effective length of T in meters. 

I current in T in amperes aqd aU lexigths 
are measured in metres. 

Raising T or JS (or both) will increase the resultant field and 
a reduction of wave length will do the same, since the diffetmice 
in length of the two paths will become greater, as measured in 
irevelnigths. Evidently, however, the formula can only apply 

if both aerials aire laised somewhat ^at least above earth. 
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The above formula must be used with caution and with a 
clear realisation of the assumptions upon which it rests. When 
valid this expression will be approximately true whether the 
dipole is vertical or horizontal, that is whether vertically or 
horizontally polarised waves are being used, but in the latter 
case it will only give the field strength in a direction normal to 
the dipole. 

From the foregoing discussion it will be evident that the 
ultra-short waves will give good results if signalling is to be 
carried out between elevated sites such as between steep hills, 
because the effective values of and will be large. 

A consideration of Fig. 37, however, will show that even 
in such a case, there may easily be more than one reflected 
wave. In the case shown, one reflected ray will largely 
neutralise the direct ray in the way previously discussed, but 



S^oUBi 37. 


this leaves one reflected ray unopposed and therefore the field 
at 12 is much greater than indicated by the equation. It is, 
therefore, possible for the received strength to be large or 
very small and, when setting up a receiving site, the aerial 
should be moved about to find the best position. 

It will also be evident that a small change in the trans- 
mission frequency will alter the length of the different paths, 
as measured in wavelengths, and will alter the phase-angles 
between the various components at the receiver and give a 
different resultant field-strength. If the transmitter is radiat- 
ing a modulated wave, therefore, it does not follow that the 
various frequencies will preserve their oorreot relationship to 
the carrier, either in magnitude or phase. This effect is likely 
to be pronormoed when very short waves are used for tele- 
vison. 

The Surface Wave. All that has been disoossed hitherto 
coimeming reflection and prop^ation {ussumes that at the 
point wha» reflection occurs, ihe ituddant wave is a phoie 
wave; If the dipole is sofficienti^ near to the earth (as 
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measuxed in wavelengths), however, the incident wave has nott 
become plane before the surface is reached, and under these 
conditions the “ image ” theory will not give the total field. 

In such oases there is a surface wave, the foot of which 
travels along the earth’s surface. This wave undergoes 
attenuation because it produces currents in the earth, and there 
will be a wave travelling through the earth. 

The attenuation depends in a complex way upon k and j 

For the lower fiequenoies it is the conductivity that is impor- 
tant, the higher this is the lower being the attenuation. For 
frequencies within the short and ultra-short wave bands k is 
also an important factor, the higher the value of k the lower 
the attenuation. Thus for all frequencies the suxfoce wave is 
less attenuated over sea than over land. The attenuation 
increases with frequency and becomes very great in the ultra- 
short wave band. 

The magnitude of the surfru^ wave from a vertical dipole is 
such that the ray theory previously mentioned ceases to be a 
useful approximation unless the dipole is about one wave- 
length above earth and it can be seen, therefore, that it is only 
likely to be of use for ultra-short waves. 

When a horizontal dipole is used, however (and we are 
concerned with propagation in a direction perpendicular to 
the axis of the ^pole), the surface wave is of much smaller 
magnitude and the optical theory with the image in anti- 
phase is a useful approximation even when the dipole is only ^ 
above earth. 

When a wave is travelling over an imperfectly conducting 
earth, the electric field must have a component along the 
direction of travel because the induced currents in the earth 
require potential differences over the surface to produce them. 
There will also be a wave travelling through the earth and this 
abscNrbs energy. The electric field of a vertically polarised 
wave is f^ierefore no longer ext^y vertical but is tilted, the 
foot lagging behhid* angle of tilt is a function of <r and k 
aod by measunng flie.tilt <r and k can be deduced. 

Anotiaer way of considering the matter is to realise that since 
tfame is a loss of energy at the feot of the wave there must be a 
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downward supply of energy from the upper part of the wave, to 
balance matters up. 

The surface wave is«ble to travel beyond the optical xange, 
that is, to follow the curvature of the earth, because of two 
effects : diffraction, and refraction in the lower air layers. 
It is well known that light rays “ leak ” around an opaque 
object and illuminate an area that should be in shadow if a 
strictly straight-line propagation only was considered. The 
magnitude of this diffraction effect increases with the wave 
length and it will be evident that diffraction will be an im- 
portant feature of wireless wave propagation, since the waves 
are immensely longer than light waves. 

Any theory allowing for diffraction must assume, of course, 
that the earth is a smooth sphere and hills or other obstructions 
may greatly influence the signal strength actually obtained. 
Sqch local obstacles will have more effect on the shorter wave- 
lengths because diffraction is less marked, and the nearer 
the obstruction is to either transmitting or receiving aerial 
the more influence it will have. 

The original diffraction theories were worked out for trans- 
mitting and receiving aerials on the earth’s surface. Eleva- 
tion to any apineoiable fraction of a wavelength is clearly 
impracticable on the longer waves and would not be markedly 
beneflcial. 

As the wavelength is reduced, however, the range of a 
transmitter on the earth’s surface to a receiver also on the 
earth’s surface becxHues exceedingly small and hence, when 
ultra-short waves are being used either transmitter or receiver 
(or both) will usually be raised to a height whi<di may be 
several wavelengths. 

It is evident that the “ ray ” theory cannot be employed 
for ranges greater than the optical because diffraction is not 
allowed for. 

Eckersley’s Theory of Ultra-Short Wave Propagation.' 
T. L. Eckersley has qxtended the diffraction theory to deal 
with the most general ease of transmission from a raised vertical 
dipole, around the carvature of the earth (allowing for the 
escth’s or and k) to a raised reotiving dipole. The results of 
the theoretical analysis have bem presented in a set of curves 
giving the field stroogth to be expected at diS^nnt distances 
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from a transmitting dipole on the earth’s surface, for difierent 
heights of receiving aerial. Alternatively, the curves will 




isusur 


O 100 200 300 400 
KILOMETRES 

A. 6m (50 Mc/s) OVER SEA 
Fiottbb 38. 

give the field strengths at the earth’s surface from a trans- 
mitting dipole raised to difierent heights. These cmrves, of 
which two sets are prepared, one for transmission over sea. 





O 100 ^00 300 400 

KILOMCTRCS 

X - 6 m (60 Mc/s) OVER LAND 

FOR IKW RAOIATCO. FIGURtS ON . 

CURVES GIVE MEIOfT OF TRANSMITTER 
OR RECEIVER IN METRES. 

FzoimiB 39« 

and one for transmission over land, are shown on page 540, 
but Figs. 38 and 39 ^e one set for 6 metres, and it will be 
seen that the transmissicm of suoh waves over the sea (Fig, 38) 
is distinctly better than over land (Fig. 39), and that the field 
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s^ngth obtained increases rapidly with, height of transmitting 
(or receiving) aerial. 

The use of the ray theory in cases whmre it is not even 
approximately true, has lead to the belief that signals will get 
suddenly weaker when we pass beyond the optical range. 
The full theory shows no such sudden change, except that at' 
great heights (where the ray theory is more applicable) the 
curves do bend over and show increased attenuation after the 
optical range is exceeded. 



O too 200 300 400 600 600 

hK-i 


TiQvsB 40. 

Eckersley has produced an auxiliary curve giving the gain 
with height, so that a value of field strength can be obtained 
when both transmitter and receiver are raised. He finds that 
above a certain height, such that \ X"* = 60, the gain 
with height is practically independent of the earth’s constants 
<r and K and that it is therefore possible to give a curve of gain 
against fcX"* as Eig. 40. The gain below is, however, very 
dependent upon <r and k and in order to &d the total gain 
due to raising to a height h, it is necessary to subtract a con- 
stant numbw of dbs. from the given curve, in accordmice with 
the table below : 

Wavdmigth (Metres) 2 4 6 8 10 

Dbs. to 1^ jOverLand 0 2*2 3*7 4"9 5*9 

subtracted ^OverSea 13*6 18*0 20*8 22-9 24*4 
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An example may make the use of the curves more clear : 

Required to calculate the field strength at a distance of 
50 km. from a 50 watt transmitter emplpying an aerial 
(assumed to have a cosine polar diagram) at a height of 
50 m. The receiving aerial is on an airplane at a height 
of 1,000 metres. The transmission is over land (assumed 
o =: 10~^3 e.m.u., K — 5) and the wavelength is 6 metres. 

From Fig. 39 the received energy on the ground at 50 km. from a 
1 kW transmitter at 50 metres height is 44 dbs. below the datum 
(i.e. the energy corresponding to 1 mV/m.) The actual power being 
only 1 /20th of that assumed in the curves will reduce the received 
energy by 10 log 20 = 13 dbs, thus making the F.S. — 57 dbs. 

For this case = 303 and from Fig. 40 the gain due to the 
height of the airplane is 71 dbs., from which 3*7 dbs. have to be 
subtracted (see Table), and hence the energy becomes 

— 57 + 71 — 3'7 = 10’3 db. above datum. 

If the field strength in mV/m is “ x,” then : 

+ 10-3 = 20 log X from which 
X sa 3-3 mV/m. 

In Appendix I will be found a series of curves for wavelengths 
between 2 and 6 metres. 

Refraction of Waves in the Lower Atmosphere. The 
refraction effect due to changes in the lower air layers also 
affects the wave. When an E.M. wave passes from one 
medium to another the following relationships exist between 
the incident and refracted waves. There wiU, in general, be a 
reflected wave in the first medium, which is not considered 
here. 

= ^ = j = /f? if both media have the same 

Sm V niKi N Ki 

value of which is usual. (^ and are the angles between 
the normal and the incident and reflected rays, respectively.) 

In the case of dry air, k is proportional to the quotient of 
pressure and absolute temperature. Both of these normally 
decrease with hei^t in the case of the atmosph^ but in such 
a way that their quotient decreases, with height, and hence k 
does the same. 
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Suppose a wave to be trayelling in a direction tangential 
to the earth’s surface, then the lower part of such a wave will be 
travelling at a lower yelpcity than the upper part and the wave 
will be bent towards the earth and refraction will therefore 
tend to increase the range obtainable. 

In the early days of long-wave wireless it was thought 
refraction might account for the ranges obtained, but such an 
explanation proved quite inadequate and we can say that 
refraction plays a negligible part in long wave propagation. 

Where ultra-short waves are concerned, however, because 
diffraction is much less, refraction becomes important in 
increasing the range, although to what extent is not very 
clearly established as yet. 

Because the dielectric constant of water is so large (approxi- 
mately 80), the actual value of k of the lower atmosphere is 
very dependent upon the amount of water vapour present. 
This is, of course, a very variable quantity but is definitely 
greater in summer than in vrinter. The amount of water 
vapour present decreases rapidly with height in general, and, 
therefore, this still farther increases k for the lower atmosphere 
compared with the value for the higher and the waves are bent 
to an increased extent. 

The path of a wave through an atmosphere having likely 
average properties has been worked out and found to have a 
radius of curvature about four times that of the earth (23,800 
km. in summer and 26,500 km. in winter) and it has been shown 
that the effect of refraction may be allowed for theoretically 
by replacing the true radius of the earth (6,370 km.) in the 
dmaction finmulae by an increased radius (8,650 km. in sum- 
mer, 8,420 km. in winter). Such calculations can, of course, 
give only an estimate of the effect of refiraction, since the com- 
position of the atmosphere is so variable. It occasionally 
happens that the temperature of the air at the earth’s sur&ce 
is lower than at some distance above the surface. When this 
occurs the effect of refraction is usually to considerably increase 
the signal strength at the receiver. 

Comparatively sudden local variations in the atmp^here 
result in ultra-short waves usually suffering from i^w, deed 
fading at the longer ranges where refiraetion is playifeg an im- 
portant part in bringing the energy down to the receiver. 
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It will be evident that comparatively small “ pockets ” of 
air having a different dielectric constant from the surrounding 
air (due, for example, to their being vrarmer) may change the 
apparent direction of «n ultra-short wave considerably, 
whilst they would have no effect upon a longer wave. 

The theoretical work on- short and ultra-short wave trans- 
mission (excluding transmission through the ionosphere) may 
be summarised as follows : 

The range of a transmitter on the earth’s surface to a receiver 
also on the groimd, becomes smaller as the wavelength is 
reduced. Under certain conditions theoretical curves are 
available from which the field strength at an elevated receiver, 
produced from an elevated transmitter, may be deduced. 
The earth’s surface has to be assumed to be smooth and spherical 
and likely average values of k and a- assumed. Refraction 
may produce an appreciable increase in signal strength at 
longer distances and can be expected to produce fistding effects 
similar to those experienced with longer waves firom the 
ionosphere. An approximate “ray theory,” though of 
limited application, is useful and simple in certain cases and 
shows us that where communication takes place over uneven 
ground or obstructions commensurate with the wav^ngth, 
there, are frequently several paths by which energy can reach 
the receiver and in conwquence an interference pattern may 
be produced. 

We now propose to study very briefiy some of the more 
important experimental invest^ations which have been 
made in order to see how far the theories outlined are corrqpt 
and complete. 

Experimental Studies of Transmissions of 5 to 7 metre 
Waves. — ^Very many investigations have been made (m these 
wavelengths either to check the theories discuss^ or to provide 
data for the establishment of a commercial service. 

All investigators have foimd that signal strength varies 
rapidly with receiver position as the “ray ” theory su^^ests. 
In mideavouring to check theoretical field strength/distanoe 
curves, therefor^, it is necessary to choose as open a site as 
poadble and it may be necessary to take several readings at 
sites very near together and take a mean. Any site diosen 
must- be well away from all power or telegraph lines, rafiways 

n* 
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and trees, and should preferably be uniform in character and 
flat. 

Many measurements have been made on transmissions 
at several frequencies in the neighbourhood of 60 Mc/s (6 
metres) from the Empire State Building, New York, the 
aerials of which are the highest 'fixed aerials in the world 
(400 metres above earth) and the results obtained and pub- 
lished by Jones are in good agreement with the Eckersley- 
diffraction curves. 

Jones and other workers have observed the large fluctua- 
tion in signal strength which can be produced by moving cars, 
etc. At these wavelengths it is evident that such objects are 
sufSciently large in comparison with the wavelength to re- 
radiate to a considerable extent. It has also been observed 
that aircraft c^ produce noticeable fluctuations of signal 
strength, even when at some distance from the receiver. 
Since the aircraft is in a much stronger field than the receiver 
(due to its height) re-radiation from it is considerable. As an 
instance, television reception at Chelmsford (30 miles from 
the transmitter) often suffers rapid fading due to aircraft 
between Chelmsford and London, the picture brightness vary- 
ing as the changing position of the aircraft changes the phase 
of the re-radiated wave relative to the direct wave. Tests 
in rural districts also show rapid variations of signal strength 
with position, especially near trees. A typical curve obtained 
by the B.B.C. (Fig. 41) shows the large variations obtained 
for small changes of position. 

^ Maclean studied 50 Mo/s transmissions at three sites, one 
of which was within the “ optical ” range, one 700 feet below 
the line of sight, and one 11,400 feet below. He found that 
even within the optical range there was slow fading up to 10 dbs. 
in amplitude, whilst at the longer distances fading was much 
more pronounced, the maopmum values of the field strength 
being about 20 dbs. above the average value. There was no 
correlation between the fEuling at the three sites. The average 
field strength was much h%her at night, probably due to 
refraction. 

It has been demonstrated by- Ge(Mge ^ that the frequen<^ 
response curve of a wide-hand receiver (such as for t^viskm) 
can be greatly modified by multiifle^fiecticKU effects. 
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An eztensiTe studj^ ** of the tionsmissions on 6*67 metres 
(46 Mo/s) (vision) and 7*26 metres (41*6 Mo/s) (sound) from 
the B.B.C. Television Station at Alexandra Palace, London, 
has been made and the B.B.C. have published “ oontour ” 
maps, one of which is shown in Fig. 42.* From these 
maps, curves for field strength in the difierent directions, 
N. S. E. and W., have been plotted in Fig. 43, and compared 
.with Eckersley’s theoretical curve, showing the close agree- 
ment. 

The British Post Office have made a number of investiga- 
tions and report that over a “ non-optical ” path of 86 miles, 
fading may be as high as 60 dbs. at 60 Mc/s. 


3U} 
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The gain of signal strength with height above the earth 
has been measured by a number of observers, and in particular 
the work of Jones using an auto-gyro aircraft ^have been 
shown to agree closely with Eckersley’s theoretical curves. 

Experimental Studies of 1 to 3 Metre Waves. The 
ray theory in the form given by McPetrie and Saxton * has 
bera checked by them, using wavelengths of 2 and 3 metres 
and very good agreement has been obtamed. Conditions were 
such that the ray t^ry, with image in anti-phase, was a 
reasonable approximation. It was confirmed that on an 

* Sy pacuiMitm of tlw ^tifik BroadowUi^t CbipoMtioiu 
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open site, vertioaOy and horizontally polarised waves gave the 
same field strength and that signal strength was directly pro- 
portional to receiver height as stated in the theory. It was 



*FiacBx42. 


observed that the 2-metre transmissions were attenuated to a 
greater extent when passing oyer L(nid(m, but the 3-metre 
traiMmission appeared to be nnafieot^ 

Cbniinnonsly during cm year, Burrows** and his associates 
studied the propagatum of a 2-metie (1^ Me/s) wave ovor a 
* By ptmiedon of tho BdtUh BnodcMtiiig Ooiponiion. 
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“ non*optic«J ” 60 km. path and found fiMling up to 20 dbs. 
The average field strength was higher during the night but the 
fadhig more ponounoed. Conditions were very similar at a 
distance of 200 km. 

Experimental Studies of Waves Shorter than One 
Metre. Some of the pioneer work on these wavelengths was 
done by Yagi and Uda in 1628, and in 1931 the I.T. and 
T. Gorp. commenced to study the propagation of 18 cm. 



waves across the Straits of Dover. This is probably the 
shortest wavelength for which there is a published account of 
propagation conditions. In these tests between fixed stations 
well withhi the optical path signals were steady when weather 
conditions were steady and were unaffected by fog, rain, or 
snow. Abrupt changes in temperature and pressure often 
prQduoed fading up to 40 dbs., particularly on still summer days. 
The results suggested that the direct ray was fading because 
imder these weather conditions the atmosphme was very 
inhomogeneous and ehenges in refiractive index caused the ray 
to be deflected. In ad<Ution, there was almost certainly a 
reflected ray fixnn the surface of the water and due to cha n gBs 
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in the atmosphere through which the rays passed, the phase 
difierenoe between direct and reflected ray was continually 
changing. There was some evidence that the rise and fall of 
the tide affected the signal by altering the length of the reflected 
ray path. 

A 6-metre circuit which was established between the same two 
points for comparison showed negligible fading so that it was 
clearly established that the very short waves were much more 
affect^ by changes in the lower atmosphere. It was notice- 
able that reception on 18 cm. was unaffected by ignition 
noise, so noticeable on the 5 to 7 metre band, or by thunder- 
storms. 

Marconi and his assistants'^ conducted an extensive 
investigation of 50 cm. waves in 1932, using the yacht 
Elettra as a receiving station and employing sharply 
directional transmitting and receiving arrays. On one typical 
test over sea, good telephone signals were received at 68 miles 
(the optical range being about 52 miles) but very deep fading, 
allowing only of occasional reception, was then experienced 
up to 87 miles. At this distance signals improved considerably 
and remained good up to 100 miles, being finally lost at 110 
miles. During a later test, consistent reception was possible 
at distances up to five times the optical range even when hiUs 
intervened, and signals were reported at a distance of nine 
times the optical range. 

Hersberger*^ made a brief test using a 75 cm. trans- 
mission and obtained useful telegraph signals at 88 miles over 
sea, this being five times the optical range. Up to 20 miles 
the signals were strong and steady, from 20 to 30 miles became 
weak and fading, and above 30 miles signal strength varied 
little with distance and there was some fading, these results 
agredmg with Marconi’s. The long ranges so obtained by these 
experimenters have not been satisfactorily explained by 
existing theories. 

Application of Short and Ultra-Short Waves over 
Short Distances. The available band of short wave- 
Imsgilhs is so valuable for long^distanoe eonununioataon that 
the use of such waves for short dipitanoes must be Mmited. In 
trppioal countries, however, long and medium: waves axe sd 
seriouriy interfered with by atmoepheries lhat short waW 
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are sometimes employed for broadcasting or comparatively 
short distance communication. 

Short waves are also employed for such services as police 
wireless, where only a small- area has to be covered. In this 
case, the main advantage compared with longer waves is 
that the very small aerial which can be carried by a car is a 
more efficient radiator of the short waves.. 

This advantage is, obviously, still greater if ultra-short waves 
are used, and interference is not created at great distances 
as it is with short waves. The principal difficulty of the ultra- 
short waves is the great variability of the signal with change 
of receiver position, but in spite of this ultra-short waves are 
finding increasing use for such services. 

Ultra-short waves are very useful for point-to-point com- 
munication over short distances, especially if the transmitter 
and receiver can be on an elevated site. The radiation can 
readily be confined into a narrow beam, interference is small 
and the equipment compact. The British Post Office have a 
number of such circuits in use, linking the outlying islands to 
the telephone network at a very small cost compared with a 
cable. A numbw of circuits, additional to those carried by 
cable, are also provided to Northern Ireland. Some of the 
P.O. circuits are over distances considerably greater than the 
optica] range. 

Waves below one metre have hardly been used for commercial 
services. Only two such circuits are known to have been 
installed, one on 50 cm and the other on 18 cm. 

Selected references are given at the end of Chapter V. 



CHAPTER V 


THE FBOFAOATION OF SHOBT AKD TJLTBA-SHOBT WAVES THBOUOH 
THE I0K08BHEBE 

When, in 1901, Maxconi successfully demonstrated that 
communication across the AUantic (actually between Poldhu, 
Cornwall, and Newfoundland) could be achieved with electro- 
magnetic waves, not only did he place the first milestone on 
the road to long distance wireless communication, but he 
opened up a new field of thought regarding our earth’s sur- 
rounding atmosphere and stimulated scientific interest in 
a direction which has continued up to the present day. 

For this experiment a wavelength of about 1,300 metres 
was used and the theories outlined above are insufficient to 
explain the long range obtained. In fact the theoretical 
figure for the field strength at a great distance on a perfectly 
conducting spherictd earth was only 10*^ of that probably 
obtained. 

Awwiming the earth to be a spherical conductor, Heaviside 
(and Kennelly) conceived an upper ionised layer forming a 
second spherical ccmductor concentric with earth, between 
which is a homc^eneous insidating medium. These two 
spaced oonductors thus fonn a i^herical transmission line, so 
l^t any electrical disturbance across the line creates plane 
polarised electro-magnetic waves wluch are propagated throu^ 
the iTiHulftting medium betwem these boundaries, and such 
waves, therefore, automatically follow the emrth’s curvature. 

For a number of years there was no very direct experi- 
mmxtal evidence for the existence of this ionised layer except 
that ctn^ , measurements of field strength showed that this 
was of the <»der predh^ed by approximate the<Hy. Frcsn 
1926 onwards, however, many worl^ have stodiod the pm- 
blem by various methods. As a resultj it has been^oand that 

■80' 
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there are, in fact, several efieotive “layers” of ionised air 
and the whole regicm has been termed the ionosphere. In this 
book only a simple treatment of the subject will be attempted 
dealing particularly with practical application to wireless 
communication, and the reader is referred to the very extensive 
literature (references to which are given at the end of this 
Chapter) for more detailed information. 

Before proceeding to discuss the ionosphere and the be- 
haviour of an electro-magnetic wave passing through it we 
may do well to revive our knowledge on two points. 

Phase and Group Velocity. The ionosphere is a type of 
medium in which the velocity of waves having different 

I .. 


"cl” 


notnu 44. 




fiequmioies is different. In such a medium it is necessary to 
distinguish between phase and group velocity. It has already 
been stressed that aU communication requires more than one 
froquency, the only wave comprising only a single, frequency 
being a sinusoidal wave oontinuii^ indefinitely. If we have 
actually a short wave-train or group (such as forms the “ dot ” 
in C.W. tel^raphy) then this may be considraed as due to a 
number of infinite wave-trains. Consider the group of Fig. 44b, 
made up of the infinite wave trains of Fig. 44a, having wave- 
lengths of X and X-t-dX. In a simple me^um any wa^ve crest 
in either of these waves will be traveling with a velocity v, 
and hms6 the same vrave crests aimiyB continue to form the 
petdc ^ the ipK>rq», Shd the group is also moving at V. Insuch 
a medinm. thmnrfore, do not need to dtstmguish between 
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the yelooity of a single ware crest (the phase velocity) and the 
group velocity. 

If now our group enters a medium where phase velocity 
varies with frequency (an ionised medium being one example 
of this), the velocity of the wave-train depicted by the full curve 
Eig. 44a may be v, but that of the other may be v-fdv. Con- 
sequently the crest V will in time catch up on the crest I, and 
hence the maximum value of the group now corresponds to 
the position of U\ It will be seen that the group has fallen 
back with respect to the individual waves ; in other words, the 
group velocity is less than the phase velocity. 

The relative velocity of V with respect to 1 is dv, and hence 
dX. 

it will take a time ^ to catch up on {. When this has occurred 

the group will have moved back X, relative to individual wave 
crests. Hence the velocity of the group is given by 



For the case of a group of waves passing through an ionised 
medium, therefore, the phase velocity will be greater than e, the 
velocity of li|^t in a pure dielectric, because the refractive index 
is 1^, but the group velocity will be less than c, and hence if we 
measure the time taken by a group to pass through the ionised 
medium it will be found to be longer than if it had travelled with 
the velocity e. The reduction in the group velocity is dependent 
upon the electron density of the meditun through which the 
group is travelling. 

In the case of transmission through the ionosphere, the 
phase velocity will be higher than that of light whilst the group 
vdocity will be lower. 

Polarisation of E.M. Waves. We have already noticed 
that a vertical dipole set up on the earth’s surface produces 
a vertically polarised wave, that is, one in which the electric 
field is vertical. The nu^netio fidid is hcnkontal, so tiiat the 
direction of propagation, tlw eleotrical field and tiie mag^tic 
fiiid, are mutually perpendicnlar. 

Aftex the passage ci a wave through the unuu^iere itjmay 
be fouiul that the ^ane of pcfiariaatkm is zevidvji:^. H the 
value of the elecUric field in this plane reinaihB ocmstant, it 
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may be resolved into two equal components at right angles 
to each other and in time quadrature. The magnetic field 
consists of two similar components and the wave is said to be 
circularly poUmsed. 

If the electric field is represented by a vector, say, OP, Fig.45, 
then if the wave is circularly polarised, this vector must be 

regarded as rotating at a uniform 
rate as it progresses forward. Thus 
its extremity traces out a spiral, 
and the projection of this spiral on 
a plane normal to the direction of 
propagation wiU be a circle as 
shown. Its components along OY 
and OX are therefore given by OP 
sin < 0 ^ and OP cos wt, respectively, 
the sign of the second component 
depending upon the direction of 
rotation of OP. 

The amplitude of OP may vary as it revolves, so that its 
extremity traces out a spiral whose projection is not a circle 
but an ellipse, and the wave is then said to be elliptically 
polarised, circular polarisation being mmnly a particular case 
of this. As before, this resultant can be resolved into two 
components along OY and OX, but these two components will 
no longer be of equal amplitudes. 

The Passage of an E.M. Wave through the Ionosphere. 
Suppose fm E.M. wave having an electric field F sin to be 
traversing ionised air in which there axe N free electrons per c.c. 
Let e be the charge on an electron aiui m its mass. The electric 
field will exert a force Fe sin at on the electron and, if v is the 
velocity produced, then 

, j Fe 

m.- 7 - = Fe sm and » cos 

at tern 


The motion of N electrons per c.c. constitutes a current 
density Nev at 

— Ne — (XM wt 
am 

In a .pure'dieleo^c the displacmnent current produced hy 

X sin V would be 
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K j- 

— Jfw COS wt 
w 

and the total current density is, therefore, 
wF cos wt r 47tNe*'| 

4tc L «)*m J 

If K is taken as unity for unionised air, then the dieleetrio 
constant of the ionised air is 

4irNc* Ne* 

^ “ — izr 1 7 i- 

«■»» 'irf*tn 

The refractive index of the ionised air (relative to un- 
ionised air) will be given by 

Ne«' 
irf*m 

If we substitute vtdues for e, m and v 

then fL = JV- 8*1 X 10’'^ 

A wave ent^iug the ionised air will therefore be refracted 
away firpm the normal to the surfsce as shown in Fig. 46. 
If N is increasing with height, then the wave will travel in a 
curve, and if the bmding is sufficient, the wave will be directed 
back to the earth again. 




KrauBs 46. 

We cannot trace out aocurate]^ the path of a wave through 
the »n>Q8plM»e because we do not know cniffimcnt^ well how 
N varies with h^jht. 
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The velocity of an E.M. wave is given by — == (where 
n here is permeability) and if e is the velocity in nn-ionised air, 


the velocity in the ionised air becomes / k 

^1-8.10x10’" 

and the group velocity becomes correspondingly lower than c. 
It is to be noted that the velocity now depends upon /. 

As we make our wave enter the ionosphere more steeply it 
evidently requires to be bent through a larger angle if it is to 
be returned again. No rays will be returned above a certain 


angle given by cos 6^ 




8-10 X 10’ though, if 


the frequency is low enough, 6„ may be 90°. As the frequency 
is raised we eventually reach a value for which no wave is 
returned from the ionosphere, however oblique the incidence. 

A consideration of the geometry will show that, due to the 
earth’s curvatTire, even a ray which leaves the transmitter 
tangentially to the earth’s surface cannot enter the ionosphere 
at less than a certain value of 6, which depends upon the height 
of the lower edge of the ionosphere. It will be seen, also, that 
if ^ ray travels in a straight line it will make a continually 
increasing angle with the tangent to the earth below. The 
smallest angle which a ray can make with the E layer is about 
8° and with the F layer about 14° (see page 92). 

To gain some idea of numerical values we may note that if 
N is 4 X 10* electrons per c.o., and / is 20 Mc/s, then m =^0'96, 
phase velocity 1-04 and group velocity P’98. 

If N is 4 X 10*, then the critical frequency for vertical 

incidence will be 6 *7 Mc/s, whilst the highest frequency which 
would bo returned for B — 10° would be 33 Mc/s (9’1 m.). These 
values are approximate, due to the simplification of theory. 

In the above discuission we have ignored certain faot<ms 
and it now becomes necessary to discuss these. It will be 
evident that poiative ions in an ionised gas will also experience 
a force on the passags of a wave. Their nuuss being so very 
much greater than, that of the eleotrcms, however, their motion 
is unall and th^ contrilmtion to the total current negU^ble. 



86 SHOET WAVE WIEELESS COMMUNICATION 

The Effect of Collisions in an Ionised Region. When 
the electrons are set in motion by the wave, collisions will be 
caused with the gas molecules and the motion of the electrons 
will be modified. For the highest firequency the average time 
between collisions is so long compared with the period of the 
wave tlmt the effect of collisions is not so very important. In 
our simple analysis the electron motion was such that an 
entirely quadrature component of current was added to the dis- 
placement current and hence k remained a simple quantity and 
there was no absorption of energy in the ionosphere, any more 
than in un-ionised air. When the effect of electron collisions 
is allowed for, however, k becomes a complex quantity. The 
total current in the ionosphere has now a component in phase 
with the electric field, namely a conduction current, and this 
draws energy from the wave, which is therefore attenuated. 
The calculations to obtain the effective dielectric constant 
are now much more complicated, but we can gain an idea of the 
result by considering the average effect of many collisions as 
providiiig a damping force proportional to the motion of the 
electron but opposing its motion. We have something akin to 
the mechanical vibration of a body having inertia and friction 
under the influeuce of a simple harmonic force. When there 
are a nrimber of cycles of the wave durii^ the average 
period between collisions, the frictional force is small and.jbhe 
electron motion is nearly in quadrature with the applied electric 
force as we have already seen, that is to say the ionosphere 
is acting as a pure dielectric. 

If, however, the frequency is made much lower, the fictional 
force is large and the electron motion becomes nearly m phase 
with the electric field, that is the conduction current pre- 
dominates and at such frequencies the ionosphere behaves 
as a good conductor rather thm^ a dielectric. In this case 
an incident wave is th^fore reflected and only a smidl 
amount of energy, which is quickly dissipated, enters the 
layer. 

Thru the avera^ collision time of the layer marks a dividing 
line between two types of wave iHX>pagation. This rime 
is such that the mediiun broadcast firequemdes lie neur the 
dividing line and rims will be expected to have charaoterisrios 
common to both long and short waves. 
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The Effect of the Earth’s Magnetic Field. A second 
fact that has been ignored is that the ionosphere is situated in 
the earth’s magnetic field. In consequence, if an electron is 
set m motion by the electric field of a wave, it may have 
another force acting on it 
due to the earth’s magnetic 
field. If we consider a 
plane polarised wave enter- 
ing normally a uniformly 
ionised medium, two 
special cases arise accord- 
ing as the direction of 
propagation is along or 
transverse to the direction 
of the magnetic field. 

In the former case, 
shown in Fig. 47b, the 
electron motions become 
elliptical instead of “ to 
and fro ” as previously 
assumed, and it can be 
shown that, as a result, 
two circularly polarised 
waves are produced which 
travel with different veloci- 
ties through the ionosphere 
and suffer different atten- 
uations. In the case when 
the direction of propaga- 
tion is transverse to the 
earth’s magnetic field, two 
particular cases are shown 
in Figs. 47a and 47o. 

In 47a is the electric vector in the incident wave is Mong the 
direction of the field. The motion of the electron is therefore 
■ along the magnetio field and is therefore unaffected by it, and 
as though the eaHh’s earth were absent. 

In Fig. 47o. the electric vector is transverse to the earth’s 
field, and the mqtidn of Uie electrons becomes elliptical hi the 
plane at r^t an^^ to the field. The wave remams jfiane 
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polarised, but 'with a velocity modified by the presence of the 
earth’s field. If the electric vector is neither traiuverse nor 
along the earth’s field the wave is resolved into two plane 
polarised waves, one of the type in 47a and the other of the 
typein47o. 

In the general case when the direction of propagation is 
oblique to the direction of the earth’s field the w&ve is 
resolved in the medium into two elliptically polarised 'waves 
(whose characteristics depmxd also upon the density of medium), 
and in the case of wireless transmission through an ionosphere 
of varying electron density, in which the direction of the wave 
is fdtering with respect to the direction of the field as the wave 
proceeds, the polarisation characteristic will change from point 
to point along the ray path. The polarisation of the wave on 
emergence 'wUl therefore depend upon the angle the ray makes 
with the earth’s field as it leaves the ionosphere. 

As the frequency of the we've is varied the elliptic paths of 
the electrons vary in shape because, for the same value of F 
the forces on the electrons due to F and B change in mt^^tude. 
At a certain fiequency termed the resonance frequency, the 
elliptic orbits become very large and hence the number of 
collisions is very great, and the losses are greater than at other 
frequencies. For a -value for R of 0*5 the resonance frequency 
is 1*40 Mc/s (214 metres). 

At lower frequences the magnetic field reduces the amplitude 
of the electron motions, thus reducing the collisions and hence 
the attenuation. At higher frequencies the main effects are 
those already discussed and at the shorter waves, especially for 
the very oblique incidence such as obtains -with long-distance 
transmission, the earth’s field has little effect. 

‘Measuring the Properties of the Ionosphere. Existing 
methods of investigating the ionosphere are only capable of 
measuring the heists of the maximum electron dmsities. 
The properties have tmly been in-vestigated consistently at a 
few places on the earth, the most intensive work ha-ving been 
dime 1^ the Bureau of Standards, Washington, UJS A.., the 
Radio Research Board at various places in Eangland and by 
the Marcmi Company, Chelmsford, En^^and. Stud^ have 
been made in India, Austn^^ the Pdar Bei^ons, and 
at Huancyo, Peru. The lart named jdaoe was chosen bec^^ 
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it is on the earth’s magnetic equator, and this simidifies in some 
ways the interpretation of the results obtained. 

The ezistmioe of the ionosphere was indirectly shown by 
the fact that the various series of long wave signal strength 
measuiements agreed reasonably well with theories dependent 
upon a spherical conducting “ ceiling ” around the earth, but 
the first direct measurements from which the effective height 
could be estimated were made by Appleton and Bmiiett in 
1925 on about 300 metres. A transmitter was set up whose 
frequency was continually varied, and the received signal 
strength at a point 88 km. away was found to vary through a 
number of maxima and minima as the phase difference between 
the surface ray and the downcoming ray varied. When investi- 
gations of layer height were first conuioenced, the existence of 
an F layer was not suspected, but Appleton found a sudden 
discontintdty in measured height at certain times and deduced 
the existence of an upper layer. 

Breit and Tuve in America first developed a method of 
measurii^ layer height \^hieh was adopted by Appleton and 
has since been used by most workers on the subject. A 
very short “ pulse ” signal is transmitted and is received at a 
station a mile or two away. The surface wave is therefore 
received and also a ray which leaves the transmitter almost 
vertically, a small portion of which may be “ reflected ” from 
the ionoq>hete. By the use of an oscillograph at the receiver, 
the time elapsing between the arrival of the surface wave and 
the reflected ray can be accurately determined and their 
relative amplitudes compared. 

It is necessary to understand cleatiy the meaning of the 
height of a layer deduced from such measurements. Whilst 
the reflected ray is in the layer its group velocity wiU be reduced 
below e, whilst the velocity of the surface wave will equal e 
throughout its journey. If an equivalent path be assumed for 
the reflected ray which it is supposed to traverse with velocity 
e, then if the length of this path be I and the surfiMse- distance 

I g 

8, we have tihe idation — t where t is the interval 

c ^ 

between the teoqidaon of the two signals. It can be shown 

that the eqnivaleni path is the “ optical path ” TAPCB 

<2^. 48), so tint the equivalMiil h^h^ measured is MP, 
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As tbs frequency on which the pulses are transmitted is 
made greater, we shAll reach the critical frequency for vertical 
incidence. When 6, is 90®, the expression on p. 86 for 
cos d, shows that N = 1 <24 x 10« x /*, where /, is the critical 
frequency in Mo/s. 

Thus exploring the ionosphere with a variable frequency, it 
is possible to obtain the critical frequencies of the various 
layers as they become transparent at any time and place to 
waves of vertical incidence, and Fig. 49 shows a typical critical- 
frequency height curve taken at Chelmsford, summer, midday. 

It. will be noticed from Fig. 49 that the critical-frequency 
height curves split -into two branches as the critical frequency is 


P 



Fiqvbx 48. 

approached. This is due to the ** echo ” being split into two 
s^nals separated from each other by the action of the earth’s 
magnetic field. They are known as the ordiiuay and extra- 
ordinary rays, and the separation of the critical frequencies is 
dependent upon the strength of the earth’s, magnetic field. 
In the northern hemisphere, at vertical , incidence, the ordinary 
ray emerges ficom the layer with a left-hand sense of pohuisa- 
tion whmi observed frrom above and the extraordinary ray with 
a ri|^t-hand sense, whereas in the southern heniisphere the 
reverse is the case. 

•It is evident that in wireless communication we ate usually 
interested in the behayiotir oi waves incident obliquely on the 
ionosphere, whereas the pulse measuremmits deed wii^ verthsal 
incidence. The pulse measnimuents have also to be made at 
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lower fiequenoies than many of those used for long distance 
communication. 

A very approximate relation between the two is seen from 
page 86, but methods for more accurate prediction of the 
behaviotcr of obliquely-incident rays from the data given by 
pulse measurements have been developed by Martyn, N. Smith, 
amd Millington. 

The first observations of oblique rays were those obtained 
by T. L. Eckersley, using the facsimile-telegraph apparatus. 
By its use he was able to measure the time interval between 



different rays arriving at a receiver after having been reflected 
a different number of times from the earth (see page 100). 
From these measurements the maximum electron density 
in the layer concerned may be deduced. 

The Structure of the Ionosphere. Having considered 
the methods by which the ionosphere has been “ explored ” 
we now turn to consider what these methods have revealed. 

The ionisation of the atmosphere is, brought about by 
ultra-violet h^t and oorpusouleu: radiations from the sun. 
Hence, the numlMr of free electrons present will increase in 
any part of the ionosph^^e which is exposed to sunlight. 
Ihiring hours of dSrkness, recombination will be taking place, 
that is, free electrons will be uniting with positive ions to f<»m 
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neutcal molecules, and at low atmospheric pressure thiarecom- 
biuatihn process is slow and hence the density of fiee eteotrons 
will decoease continuously during the hours of darkness. 

The density of free electrons at any time and place varies 
with height above the earth’s surface and experimental 
evidence suggests the juesenoe of several layers. Or more 
precisely, the number of free electrons per o.c. rises to more 
than one maxima with height as shown piotorially in Fig. 49, 
where frequen<7 in Mo/s is proportional to electron density. 
These layers are enumerated E, F, etc., the notation being 
introduced by Appleton, who first discovered the F layer. 

There are two principal layers in the ionosphere, namely 
E and F, the latter, however, often separating into two parts, 
the Fi and F, layers respectively. 

The lower, or E layer, remains constant in height, at about 
100 km., but its density varies with the sun’s altitude. Thus 
it will be most dense at midday in summer, and of minimum 
density during the night. Similarly the Fi layer height remains 
constant at about 200 km., although it is not always observable 
as a separate 'layer owing to its merging with the F, layer at 
certain times ; but, as far as can be judged, its density, like 
that of the E layer, can also be directly correlated with the 
sun’s altitude. It is assumed that both the E and the F, 
layers are formed by ultra-violet .radiation from the sun, as 
both these layers are absent during the winter periods at the 
Polar regions. 

The F, layer does not appear to be caused entirely by ultra- 
violet radiation as it can be observed in the polar regions during 
the winter months, and its general behaviour is abnormal. 
First of all, its heij^t is greatest in the summer daytime, and 
it descends to the level of the F^ layer in winter. Secondly, 
the density of the F, layer in contrast with the E and F^ layers 
is found to be lower in the summer months than during the 
winter uid it also sufiers from an annual ae well as a bi-annual 
effect. Thus it is found that the he^t of the Fg layer is 
dhtireased and its general density inmeased in both northern and 
southern hemupheres, between 8epten»ber and Hartdi. These 
ineon^stenraes of the F, layer are sem in Fig^ 60, Which 
corrdatee the equivalent layer dmWily with years. 

It is BometinmB found tiiat tito density of the F layer tufoeases 
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greatly for a short time. These sporadic ocmditions are local 
in character and the agent producing them is not definitely 
known. 

Besides the principal layers mentioned, there is evidence 
of layers lower than the E layer, known as the C and D regions. 
The existence of a G layer beyond, the F, layer has been sug- 
gested as an explanation of some echoes which show a very 
great equivalent height, but other more probable explanations 



have also been advanced. There is some evidraice for a D 
region at between 60 and 90 km., and a C region between 20 
and 36 km:., both Giese layers having vmy variable ifimiaotezis- 
tics. Certain workers J^ve obtained pulse measurements 
which indicate the permanent existence of a series of thin 
layers of nearly constant height and eldbixbn deni^y , extending 
fropi 1 km. upwards to about 15 km. The existence of these 
layers has been deduced entarej^'' from pulse measurements, 
but at these heights direct observation of ihe deOtrioal state 
of the atmoi^hme can be made by means of baUoons, and 
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observatiouB do not reveal such ionised regions. There are also 
theoretical considerations which make it difficult to accept the 
existence of layers having the characteristics suggested, and 
the interpretation of these pulse results is, therefore, a matter 
of doubt. 

The actual values of electron density, in the various layers 
depends not only upon diurnal and seasonal changes, but 
upon the eleven-year solar cycle, which also affects the earth’s 
magnetic field. During the years when sun-spots are most 
numerous, the electron density becomes greater. The last 
maximum year was 1937-1938, and we shall therefore reach a 
minimum condition in about 1943. 

It has been noted already that the condition of the iono- 
sphere has only been investigated over a few places on the 
earth. These are widely separated, however, and appear to 
show that the condition of the E and Fi layers is much the 
same all over the earth (when sunlight conditions are the 
same), but there is more difference in the condition of the 
layer. 

The results of continuous pulse-measurements made at 
Washington are summarised each month in the P.I.R.E. and a 
prediction made of the maximum usuable frequencies for the 
succeeding month. 

We are now in a position to correlate the general facts of 
propagation theory for conamunication over great distances. 
We have shown tl^t the three main layers of the ionosphere, 
namdy Et F^, and F^, vary very considerably with time and 
season, and their condition will determine which has the maxi- 
mum control on any frequency used for long distance com-* 
munication. Before showing how the many variable factors 
which control conununioation may be co-ordinated into work- 
able charts, or characteristics, to enable us to predict the 
correct ^ra^velmigth to use for any given distance at any 
given time, we will briefly summarise the genm»l features 
^ long distance conmunioation on the different wave- 
lengths. *! 

•^e g^mut of the present useful wireless spectrum may be 
oansicbe^ to extezid from 30,000 metres down to a fraction 
of. a metoe> and aa has been mehtioned in Oiapter 1 thu 
spectrum can atlnfranly be divided thus 
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(1) The long and medium wave band » 30,000-400 metres. 

(2) The critical wave bi^id = 400-160 „ 

(3) The short wave band 150-10 „ 

(4) The ultra short wave band = below 10 metres. 

The Long Wave Band. Since both the earth and the E 
layer behave as good conductors to long and medium waves, 
their propagation is substantially represented as a “ spherical 
transmission line ” type. The wavelengths being commen* 
surate with the height of the lower layer, the state of vertical 
electric polarisation with which long waves are usually emitted 
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persists (nearly) throughout their journey. Because the 
lower layer responds quickly to the sun’s action, the day and 
night effects on long waves follow closely the actual coming of 
day or nig^t. 

Attenuation is the only factor which comes into the con- 
sideration of long wave propagation, and this will be propor- 
tional to henoe the possible distance of communication 
with a given power is proportional to the square root of the 
wayebngth used. With any given wavelengGi the signal 
strengtibi distance curve is of exponential form as shown in 
Hg. 61, and ilie curve conneoting wavelength and communica- 
tion distance a given radiated power will be as shown in 

3^g. 62. the second curve it can be seen tiiat only 
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waves above some 16,000 metres are suitable for communica- 
tion over -.the greatest distances on earth, namely, half the 
circumference. 

The Critical Wave Band. The critical wave band in- 
cludes waves having frequencies near the resonance frequency 
discussed on page 86. As can be imagined the transition from 
long wave propagation phenomena to short waves is not sudden, 
but goes through a phase whose condition shows certain 
charaoteristicB of both types. Waves coming in this class 
are not confined therefore to frequencies apprordmating to the 
collision ficequency, but include waves lying in the region 
between 160 and 400 metres where reliable long distance 
communication is impossible. 



lepoo 

r 



During the daytime communication is confined to an area 
oovered by the snrfiuse ray, which has a short range, and waves 
in this band ace therefore suitable fm: short-range services, 
such as broadcasting, where the intention is to serve a limited 
area. During the dark hours, however, there is considerable 
reflection from the upper layer and hence signals may be 
transmitted ovdt a ocmsiderably increased area. This longer 
night range is not necessarily useful because at pdnts wb^ 
the surface and reflected waves are of about tiie same amplitude 
coDsidecable fading and distmrtion results, due to interference 
between thmn. 

The Short Wave Band. Snce riunt wavelengths ace 
smell compaxed with tlm bright of the ianosiduKce, it hi per- 
mjesiMe to use the idea of rays as we do when disoossing many 
jnoldeaim in cqitios. It si necsssacy to xanecato, however, 
that tim rays whiifii we draw in asplanatocy /ihapnata have 
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no sepaxate eziatenoe, and axe metdy representative of an 
indefi^te number of other possible paths. Thus in Fig. 53 
each line should be considered as representing a sheaf or pencil 
of contiguous rays assumed to 
spread as the ray is propagated 
outwards, and if the medium 
through which the ray pencil 
passes is homogeneous, the “illu- 
mination ” of any section of the 
path is uniform. Short waves 
are able to penetrate the JE 2 
layer because there is time for ^ 
several oscillations of an electron 
at these frequencies before a 
collision with a gas molecnile 
takes place, but this is the 
portion of the path in which 
the greatest attenuation occurs, 
because there are more air 
molecules per c.c. present at the 
lower altitude and hence more 
collisions. The rays then travel 
on to become bent at the F 
layers, where they also suffer 
some attenuation. If the fre- u. 
quency is below the critical ^ 
frequency of the layer at the 
time and at the oblique angle at 
which the ray strikes the layer, 
the ray returns to earth, again 
passing throu^ the first layer, 
but if the bending is not suffi- 
dently great the ray escapes 
through the layer and is finally 
lost to the earth. The plane of 
polariBation with which the ray 
is mnitted may imt persist and in fact rarely does. Short 
waves generally wffl p^trate into the Pi and P, layers, and 
sinoe t^ electzon densities of thrae laynns do not have any 
ahe.|de relationship with the sum’s altitude, vai^ticHas in shcsrt 

n 
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wave conditions, whilst largely dependent on daylight and 
darkness, do not follow immediately and the connection is 
therefore less obvious. 

The Skip Distance. Energy radiated horizontally from 
a transmitting aerial near the earth’s surface is quickly absorbed 
due to the large earth losses, as has already been explained 
on page 67, and hence only short distance communication 
can be carried out by this horizontal radiation, which is 
usually known as the surface ray. Energy radiated at 
high angles may not be bent suificiently at the layers to 
return to earth at all and therefore escapes. Shallow angle 
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radiation at an angle just great enough to escape absorption 
by the earth will, as shown in Eig. 63, enter the lower layer, 
suffer attenuation there, be bent at the upper layer and return 
to earth. A consideration of the figure indicates that betwera 
the distance at which tibe surface ray becomes ne^gible, 
and the distance at which the first ray returns to earth from 
the layer, there may be a zone ^rhich is not covered by any 
rays. This is called the skip zone and the distance across it 
the “ skip distance.” Signals are not necessarily abs«it in 
this area, ae it will usually be “illuminated” by soatiezed 
radiation, to be defined later. Thus the signal strengtit* 
distance curve for short wave communication is of the form 
shown in Sig. 64, where A marks the limit of the snilaoe ri^, 
B the distance where the first dbwn-ooming ray Is reoeiv^ 
and AB the dip distance, although it is more usutd to boiMidiBr 
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the dietanoe from transmitter to R as the skip, because the 
range of the surface ray is always small. It should be men- 
tioned that unusually short skip distances are occasionally 
recorded, due to an abnormal condition of E layer causing 
reflections from it. 

In the case of the longer short waves (that is in the region 
of 100 metres) there may not be any definite ship distance 
but only a pronotmced dip in the signal strength-distance 
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curve, as shown in Fig. 64. With wavelmigths in the neigh- 
bourhood of 12 metres, however, the skip distance may reach 
several thousand kms. when most of the path is in daylight, 
whilst if most of the path is in darkness no ray would return 
to the eairth’s surface at all. Thus the skip area will vary 
c(msiderably in extent depending upon wavelength, season, 
and time of day, and Fig. 66 shows the skip distance for different 
wavelengths during daylight, twilight, and darkness conditions. 
The various gradety 1 to 6, are referred to later on in the 
chapter. TbeaB curves are redUy oonoemed with bending, 
and show the roinftnum distance at wMch the bending of a ray 
hi. suffiofent to return it to earrir, and it follows that fi» a 
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given distance and wavelength the darker the grade the less 
the bending. 

It is to be noted that during the sunspot maximum years 
the skip curves are lowered by some 25% so that the limiting 
wavelength for sunlight conditions is reduced to some 9 metres. 

Scattering. Within the E layer there are local centres or 
“ clouds ” of high electron density. Waves mcident upon these 
may be scattered in aU directions and hence may provide a 
very uncertain signal at a receiver. . Scattering is more in 
evidence in the skip area because the only energy received 
may be due to this cause, but it is nearly always the means by 
which some of the energy reaches a receiver. 

If the transmission is non-directional then scattering will 
take place from many points situated all round the transmitter. 
It follows that a direction-finder placed where the energy is 
mainly received by scattering will not indicate a bearing, since 
energy is reaching it from many directions. 

It has been shown by T. L. Eckersley that in some cases 
where directional transmission is taking place, a direction finder 
placed within the skip zone will indicate the bearing of the 
station as being more or less where the “ beam ” enters the 
layer and not the true position of the station, thus showing a 
marked scattering of rays from this point. 

Exactly how the earth is “ illuminated ” beyond the skip dis- 
tance by rays bent back from the upper ionised layer has been a 
mattmr for a number of theories from time to time, but the 
generally accepted one is that the rays continue in a series of 
ricoohels, that is by successive reflections from the earth and 
refrac^ons from the npxter layer, as shown piotorially in Fig. 63. 
If this is so it will be se^ that the earth beyond the skip zone 
will be illuminated by a whole series of rays, from very shallow- 
angle rays nearly tangential to the earth’s surface which have 
proceed^ by a few ricochets, to rays near the critical angle 
which have ” hopped” many times. The hi^-an^ rays 
which make mai^ ricochets wiU, in general, be mme attenuated 
hi traversing a given distance over the earth’s surfiace than 
the low ans^ rays, because eadi refledion at the earth involves 
loss and each passage throuih layer also involves attenua- 
taon. Thus it will be seen that the ipost ^footive rays for 
long dhrtanoe transmission are those that leave the trans* 
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aerial at a shallow angle, and hence an aerial 

system should concentrate the radiation between about 3^ 
and 16”. 

During certain conditions of the ionosphere it appeam that 
a type of transmission is possible which omits intervening 
ricochets, jbo that if the initial and final conditions of la 3 %r are 
correct for bending, the intervening condition need only con- 
fine the ray to the ionosphere and not necessarily return it to 
earth. 

Reflection from the earth’s surface has been discussed on 
page 60, and it will be seen that at a certaia critical angle 
there may be practically no reflected, vertically-polarised ray. 

In order to communicate successfully over a long distance 
a consideration of Fig. 64 shows that in addition to the attenua- 
tion not being too great to permit of the reception of sufficient 
strength, it is necessary also that the receiving station should 
not be within the skip zone. This means that the bending m 
the upper layer must be sufficient to bring down rays within 
the required distance. The attenuation and the bending of 
a ray of a given frequency are dependent upon the state of 
ionisation of the layers, and this in turn depends on the day- 
night conditions.' We shall expect therefore that to maintain 
a service it will, in general, be necessary to alter the wave- 
length used to suit the time of day and season, remembering 
that the wavelength chosen will generally be that which gives 
least attenuation with sufficient bending. 

Attenuation. This is now, not a function of the losses in 
an equivalent transmissicHi Une as it is for long waves, but 
it is a questum of the absorption of a wave as it passes throuj^ 
the ionised layer, and it is found that attenuation is proportional 
(for daylight conditions anyway) to the square of the wave- 
length ; in fact exactly the reverse of long-wave attenusti<m. 
If the distance of communication depended only on attenuation, 
the curve for communication distance against wavelength 
would rise from the ontical wavel^igth as the wavelength 
decreased. But as the bending effect, which will be considered 
next, is equally important, we reach a limiting value of short- 
imas of wave for communication on earth, tok>w which the 
range sudd^y falls off to the surfaee-ray range. This limit 
isshown on the left-hand side of Fig. 62, where an abrupt drop 
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in the curve is shown at the wavelength of about 10 
metres. 

This does not mean necessarily that 10 metres will be chosen 
for communication to the antipodes ; for one thing it is too 
near the critical value, and secondly, half the earth is never 
all in intense daylight (when the bending is greatest) and 
thus one rarely finds in practice any long distance communica- 
tion carried on at wavelengths below 14 metres. 

The amount of attenuation is dependent upon the layer 
conditions and in general will be proportional to the amount 
of ionisation. Thus during the day, because ionisation is 
greatest, attenuation will be greatest, whilst during the night 
attenuation on all waves is much reduced. For the same reason 
the attenuation in.sununer on any given wave will be greater 
than in winter. Where the route is mainly in daylight, the 
g^test attenuation will be observed when the ionisation is 
greatest at a point half way between transmitter and receiver, 
this occurring about one hour after midday (at that place). 

Bending. The bending experienced by a ray of given 
wavelength depends upon the total change of electron density 
through which it has passed. The amount of bending with the 
same change of density varies as the wavelength so that waves 
below 10 metres are rarely sufficiently bent to return to 
earth even when the layer is in its most highly ionised 
condition. ^ 

The ionisation increases quickly after dawn and the amount 
of bendizig therefore increases considerably, and on any 
given wavelength, is greatest during the day, gets slowly 
less duriz^' the evening and early night, and is least during 
the late night, period preceding the dawn. Hence the skip 
zone will be greatest for any given wavelength during the 
late nightj and least during the middle of the day. For the 
same reasons -tlie skip will be greatest during the winter at 
any given place and be greatest in places of high latitude. 
Un^e al^uation, howevev, the condition of layer at receiver 
or tcansautter is mopre impor^t to bending than the o^diHon 
between, because the b^nffing into and out of the layer Is 
diiefly concanoed with the layer condition at the mida of ^ 
rontes. Fnfihiv, that mid in the darirmr grade is really the 
ccmtndfing &otor in this respect, for it is of no use a ray being 
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bent into the layer if at the other end th»e is not «K>xigh 
bending to return it, or vice versa. 

The Zenithal Angle. The zenithal angle is of con- 
siderable importance, quite apart from the fact that high 



angle radiation is lost because it is not 
returned to earth. The reason for this 
is that a very narroW pencil of radiation 
is suffident to illuminate the whole 
earth beyond the “ skip ” by successive 
“ricochets,” and radiation at other 
angles only leads to the production of 
“ echo ” signals. This is shown in 
Fig. 13, where H, B and O are three 
rays leaving the transmitter at different 
angles such that successive reflections, 
one of ray E, two of ray B, and three of 
ray C bring the ra 3 rB together at a re- 
ceiver placed at X. The different lengths 
of path of these rays causes fading 
and blurring of the original signal. 

The particular angle which gives 
the best results at great distances is 
a matter for ooiud^ratiou and will 
vary with different drcuits, but it is 
certain that high-angle radiation is of 
no value and there is strong evidence 
that the most useful energy is that 
which leaves the aerial at a very 
shallow angle, just suffident to avoid 
earth losses. Angles approximating to. 
8” are found best for long distance 
work, increasing to about 20** for nearer 
services. Hence the tendency in modem 
design of short wave aerials is to avoid 
those forms which give high angle- 


radiarim, such as the harmcmic aerial, and to provide systems 
which propaga^to energy at a shallow . angle, such as the 
Pr ankbn multiple aerial, which will be nientioned later. 

The UltrafSlHMrt Wave Band. We have idteady stated 
that i^txaHshort waves are onl^ suitable for daort-distanoe 
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communioation and the division between short imd ultra* 
short waves is usually made at 10 metres (30 Mo/s) because 
reliable long-distanoe communication is not possible below this 
wavelength. As has been explained, this is because there is 
insufficient bending even over the longest all-daylight path 
possible .on the earth’s surface. It is evident, however, that 
because the degree of ionisation varies so much from place to 
place and time to time that the minimum wavelezigth value 
which will be bent back to earth is not clearly defined. Thus 
although the London Television transmissions on 6*67 and 
7*26 metres are only of value for direct-ray communioation, 
occasional strong thdugh usually distorted reception is obtained 
over very great distances, as, for example. South Africa and 
America. 

An extended series of observations have been made at the 
Riverhead Station of the R.C.A. Communications Inc.* on 
European ultra-short wave television stations. The afternoon 
sound transmission from London was received on most days 
between September and March and the vision less frequently. 
The strength of the soimd transmission sometimes exceeded 
40 db. above 1 microvolt per metre. Reception is evidently 
dependent upon sufficient density in the layer and the 
reception conditions appear to follow fairly closely the oitical- 
frequency for the F^ layer, and when the critioal-firequenoy 
dropped suddenly in January to low values, signals were 
not usually received. 

Conklin* has collected data of amateur 66 Mc/s transmissions 
over distances of 400 to 1,200 miles, it having been found that 
communication over these distances is frequently possible. 
.These successful receptions appear to depend upou the sudden 
inoTBases in the dectron density of the laiyer mentioned 
jueviously. 

Factors Influencing tihe Choice of Wavelength. It 
should now be dear that, broadly speaking, we shaU choose for 
a given communication drouit the shortest wavelength which 
will eosure rays being suffidently bent to return to earth within 
the required distance, since the diorter the wavelei^;to -the 
less the attenuation. As a general nde tlmn, the duntest 
waves ^ the neighbourhood of lA mdres} will be used to cover 
long didanoes whidi are mainly in dayliehf' and longeir waves 
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for darkness conditions. The problem is complicated by the 
fact that many long distance transmission paths are partly 
in darkness and partly in daylight, and hence the wave- 
length used must be a compromise. Further, since conditions 
are continually changing, more than one wave may be 
necessary to maintain any particidar service throughout the 
24 hours. 

Prom what has been said, it is clear that the prediction >f 
the performance of a short wave circuit, or the choice of a 
suitable wavelength for a given service, is a very difficult 
matter. A variety of charts have been produced from time to 
time, to enable the information to be obtained for average 
conditions, and these charts generally take one of three forms. 

(1) The ionosphere conditions for a given number of seasonal 
conditions and for all latitudes may be charted, so that with 
the correct season-chart and a complementary map of the 
world, it is possible to observe the conditions over any route 
and at any time. The chart showing the ionosphere conditions 
will usually be made transparent, so that by sliding this over 
the map to the correct position for the time of day, the general 
ionosphere condition on the great circle route between the two 
places can be observed. Then by reference to “ skip ” curves 
and charts for field strengths for the different layer conditions, 
it is possible to estimate the probable field strength for a given 
power and distance. Such a e 3 rstem is, of course, universal in 
its application, but experience is needed for correctly inter- 
preting the information so derived for those routes which pass 
through several grades of electrons density in the ionosphere. 

(2) When one is concerned only with transmission ffiom (or 
reception to) a given place, it is possible to produce a series of 
charts to show the best wavelength to use at any time and 
seascm, for communication with a place at any latitude and 
at any given distance. Sudh a set of curves is simple to use, 
but as they refer to only one place, they are not universal in 
applioation, and to make them so would necessitate the pro- 
duction of a very large number of sets for the different latitudes. 

<3) It is pos^lde to produce a comparatively, simple series 
of curves for giving ibh field strength between stations of given 
lalitudee Snd for a limited range of distances, not too great or 
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We propotse to indicate the basis on which such sets of curres 
are produced, and in Appendix n will be found a series of 
curves suitable for general work. 

(1) Eckersley and Tremellen Charts. Although recent 
charts are produced in a different form and will be described 
later, the charts as originally produced were in a pictorial 
form which lend themselves better to a general explanation of 
the principles on which charts of this type are based. 



Fioxjbb 67.— EQtnNOX. 


Three chturts, to cover equinox, summer and winter seasons, 
are shown in E^. 67, 68 and 69. In these charts it will be 
observed that the infinite shades of ionosphere conditions 
have been limited to six grades. A, B, O, C^, (J^ and D, 
these grades corresponding to : (A), conditHms of intense sun* 
%ht ; {B), weak sunlight ; (0-0^, C*), twilight ; and (D), 
darkness. Gntese vanons grades ace shown labdfed in tiw 
Eigs. 57, 68 a^ 69 and these grades B, C, 0^, and D 
correspcmd to the six grades 1 to 6 in the el^ curves of Eig. 55. 
The sunset-sunrise line is also indicated by a thick Idaok 
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wMoh takes the fcnm of two vertical lines at 6 a.m. and 6 p.m. 
at the equinox period and of “ cosine-shape ” curves during 
winter and sununer. 

The fact that — althou^ the E and Ei layers follow apjnozi* 
mately the sum’s altitude — ^the layer behaves in a contrary 
fashion, presents difficulties in the production of such charts, 
but the average behaviour suggests the necessity for the lagging 
effects of the darker grades in the charts as shown. It may 
help to explain the utility of such charts if the transmission 
characterictics of the various grades are enmuerated. 

Tranamiaaim Aerosa the AU Daylight Zone. The longest 
distance on the earth which can be said to be aU in intense 
daylight at any one time is about 6,000 miles, and as the 
attenuation over such a daylight path will be high, the 
shortest possible wavelength wiU be used. This will be about 
14 or 15 metres, as shorter waves than these would have a skip 
distance exceeding 6,000 miles. A shorter distance would 
necessitate dn increase in wavelength with a Corresponding 
increase in attenuation, and the great attenuation of this 
wave will prevent the communication extending much beyond 
this distance. The Twininnim signal will occur when it is a 
little past mid-day at a point halfway along the path. 

Tranamiaaion Across the Twilight Zone. Across the twi- 
light zone the attenxiation on aU wavelengths is much less 
than for a daylight zone and for wavelengths below 20 metres 
becomes espedaUy small. When the seasonal condition and 
time of day is such that the great circle between the stations 
is near, the dividing line between daylight and darkness (called 
the shadow line), the att^uation is so small that signals may 
make more than one journey round the earth, and produce 
what are termed “ round the world echoes ” at the receiver. 
For at this time the ionosphere condition along the great-circle 
path bc(tween the stations is the same around the whde earth, 
and hence it is ea^ to find a wavelength exactly suitable, 
whereas if the great circle line lies across different gra^ of layer 
oonditi<m, we oannot find a ware wfaidi will through 
thM varying areas, far any wavelength which is enough 
to p»a» throu{^ the dadEsr gnuies be rapidly attenuate 
in pasking tfaroui^ the daylight kone. It might be Hmni^t 
that it is not possilde £» two stations to be in the twiffi^t 
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eone except for a brief period each day, but a reference to the 
charts will show that what is there termed " twilight ” includes 
weak sunlight such as experienced in high latitudes in wint«. 
For instance, dining an English winter we are never in day- 
light ” within the meaning attached to it in the charts, and 
when working to other stations in the northern hemisphere the 
great drole line will be either in a twilight grade or a darker 
grade throughout the 24 hours. 

We may say that waves suitable for routes in the twilight 
grade extend l^m 14 metres up to about 40 metres, the longer 
distance services utilising the shorter wavelengths. 

Transmission Across tits Darkness Pa£h, Across this zone 
between the twilight and the late dark area the attenuation 
on wavelengths of the order of 20 to 60 metres is very 
slight, but on waves about 20 metres the signal strength would 
commence to fall off rapidly, not because of the attenuation, but 
because of insufficient r^y bending. 

Transmission Across the Late Darkness Zone. For the 
portion of the earth which may be considered as in late dark- 
ness, waves of greater than 60 metres are suitable, and 30 
metres represents a critical wavelength below which bending 
will usually be insufficient. Waves less than 30 metres 
may pass successfully through a short length of late darkness 
path, if it is intermediate between the stations and not over 
one or the other. This to some extent can be understood, 
because, as previously mentioned, if the conditions at the 
commencement and the end of the ray path are sufficient to 
create a bending of the ray into and out of a path coincident 
with the layor, then the intermediate condition is concerned 
chiefly with attenuation and not bending. 

The type of charts^ now being used are not divided into 
arbitary grades of darkness as just described, but in contour 
lines of critical wavelengths for oblique reflection. This is, 
of course, essentially the same, since (as we have idieady seen) 
there is a direct oonneption between, eleotron density and 
oritioal-wavelength. The dividing of tlm ionoqihae mto such 
(xitioal-wavdiehgth omitours, however, gives a direct indication 
of ^ minlmuin ^wavelength to which the layer is not 
traaaqpazent over 'any given great-oirde path that is being 
considered. 
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(2) Field-Strength Contour Charts. An alternative 
method of produdng charts has been soj^iested which aims to 
map contour-lines of field strength from any point of girm 
latitude, for different wavelengths, seasons, and times of the 
day. Such a system would be an ideal one, but unfortunately 
a prohibitive number of charts is necessary, since, not only 
must a chart be iHX)vided for each hour of the day, and the 
various seasons, but also for every 10° of latitude, and, of 
course, for a large number of wavelengths. This would necessi- 
tate about 1,400 charts to cover the short wave-band. 

Such a chart is shown in Fig. 60, and this is given as it is 
illustrative of the conditioning features of short wave trans- 
mission. The chart shows a series of contour lines of equal 
field-strengths froin a 1 kW transmitter, situated in England 
(latitude 52°), the time being midday, in winter, the contours 
being dmioted in db, plus, and minus from a zero constant of 
1 ju V per metre. The small shaded area in the centre is the 
skip area, after which the ionosphere rays are returned to 
ear^. From the skip area the rays follow a richoohet course 
until they encounter the dark grade (shaded), which has not 
sufficient electron density to return them to earth again 
.Thus from the skip area to this dark area we have contour lines 
of equal field strength, spreading outwards. Towards the 
south the rays pass through an all daylight grade where the 
attenuation is highest and is the conditioning feature. To the 
east and west the daylight is less intense and attenuation in 
consequence less, and in r^ons near the shadow-band (shown 
dotted) is very small indeed. This causes the contour lines to be 
drawn out towards the shadow line, so that high field strengths 
ate obtained at very great distances fixim the transmitter. 

To the N.E. and N.W. the direotion is into the darkness 
area and the possible oommunioaticn distance is thus shortened 
and, in ffict, wgnala cease almost abruptly, owing to the lack of 
bending, because the region of critical denrity has been reached. 

Charts for Field-Strength, Distance, for Different 
I^atitudes. Yet another type of chart, which is useful for a 
limited range of distances only, has bem .devdk>ped, which 
gives the field-strength direct, for differrait seasons, artd times 
of the day, and betwemr statkms Of diffraent laritades. A 
ser^ of such charts is ^ven in Appendix II* 
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It now remains to discuss some peculiarities of short wave 
propt^ation, the principal being the fading phenomena. 

There are two distinct types of fading giving the following 
effects : 

(1) Complete cessation of communication for many hours. 

(2) Variations of signal strength, the change of which may 

be slow or very rapid in character. 

Complete Fading. Complete fading -is liable to occur 
if the transmission path lies in high latitudes, and paitio* 
ularly if it passes near the magnetic poles, when it may be so 
bad as to eliminate signals for several hours. In- one or 
two oases signals have disappeared for as long as one or two 
days, but usually these periods will be of short duration, 
and there will often be only a general reduction of the signal 
level and not a complete cessation. These complete “fade- 
outs” occur during magnetic storm activity, and such are 
often associated with sun-spots, which have a cholic variation 
of about. 27 da 3 rB, the time of the sun’s rotation. Systematic 
observations of the correlation of fading with sun-spots and 
magnetic storms have been made by T. L. Eokersley over a 
number of years, the sun-spot activity being observed by the 
simple expedient of pointing a focussed telescope to the 
sun, holding a chart a few inches below the eyepiece at such a 
distance that the sun’s image is two or three inches in diameter, 
and plotting on ^e chart the position of the sun-epots or sun- 
spot patches. ■ These vary considerably in size and number, 
but all those of interest are quite large enough to be observed 
by this means. It is found that those spots whidh pass exactly 
through the centre-meridian of the sim may have the most 
effect, and this is to be expected if the spot is a hole in the 
sun’s oivriope. Secondly, the ii^umioe on wireless signals 
appears from one to three days after the sun-^t has passed 
the cenixermeridian, so that whatever is eausing the frding 
ifi some agent which travels at a much slower speed than Ught. 
A further point is ^t ihe me of the suh-spiot is no <aiteri<»i 
of the effect produced, and many periods of great sun-spot 
activity may pass without any marked effects on wiralM 
oireuits. SnnHqiots ami magnerio storms bendes having a 
period of aorivi^ reoumng eadr montik have also a kmg 
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(^olio variation, the periods of peak activity recurring every 
11 years, 1939 being the last. Again, stations in high lati- 
tudes are chiefly affected by magnetic istorms and sun-spotSj 
and therefore it is assumed the agent causing the disturbance 
is divided by the earth’s magnetic fleld towards the magnetic 
poles. 

The fading has been attributed to increased attenuation 
due to the greater ionisation. Extensive tests on ultra 
short waves were tried over a long distance circuit during 
these abnormal times on the assumption that if the ionisa- 
tion is so much greater the bending might be sufficient to 
bring them down to the earth’s surface within the required 
distance. Except for occasional loud signals, no useful results 
were obtained, and there is no method yet known of over- 
coming this type of fading. 

It should be mentioned that in addition to causing fstding, 
the magnetic storm activity affects gmierally the ionosphere, 
particularly at high latitudes, the level of ionisation increasing 
and decreasing with the magnetic storm activity. This means 
that the correct wavelength to choose for any chaimel in high 
latitudes will vary oyolidy with the magnetic storm era, and 
as an illustration we might mention that the Canadian circuit 
was forced to employ waves as long as 60 to 70 metres as a 
night wave during 1933, whereas it used 30 metres during the 
maximum magnetic-storm period of 1939. 

Catastrophic Disturbances. In addition to complete 
fade-outs being caused by magnetic-storm activity, a rare 
disturbance has been observed which affects all daylight routes. 
This disturbance, which may last for periods of a few -minutes 
up to half an hour, is not definitely associated with magnetic 
storms, but has somewhat similar effects (except that they are 
world wide). It has been observed that these disturbances 
ue assooiftted with hydrogen eruptions in the sun’s chromo- 
sphere. 

Rapid Fading. It is usually oonridqced that the causes of 
this type of fading are ray interference and change of wave 
pcdarisation. 

Ckmaider ray ihteriraenoe. As was seen in a previous section, 
a kmg-distanoe, short wave signal is not a single ray, but may 
be pnade of two or m<Ue rays arriving by diffraent patiis. 
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If we have only two rays, the phase of these will detemine 
the resultant field at that point, which can vary firom zero, if 
the rays are equal and completely out of phase, to their sum, 
if in phase. If more than two rays are involved the resultant 
depends upon their vector sum. 

It is formd that even if the receiver is in such a place that 
it cannot be energised by ricochet interference, fading can still 
occur. In this case the interference is between closely adjacent 
rays following approximately the same path. If the ionosphere 
were a stable medium merely graded vertically in a definite 
unchanging manner, then these contiguous rays would “ illumin- 
ate ” uniformly a small area of the earth’s surface. As, how- 
ever, the ionosphere is not homogeneous either horizontally 
or vertioally, the different rays forming the ray-pencil are 
disarranged in their passage through it and now “ illuminate ” 
the area in a non-uniform fashion. As the ionosphere con-, 
ditions vary from instant to instant, the distribution over the 
area considered is continually changing and hence fading of 
the signal results. 

Actually the variation of signal strength is greater than a 
calculation giving the resultant of a number of vectors having 
random phase relationships would lead us to expect. This is 
to be accounted for by an additional variable factor, luuuely, 
changing polarisation of the waves. Thus if we use a vertical 
aerial for reception it means that only v^rtfcedly-polarised 
waves, or those waves giving some vertical component, will be 
received. Hmce a single wave, the polarisatimi of which 
changes with time, will produce a variable edgnal apart from 
any interference variation. 

It is of interest to note that fading is diffa?ent in time at 
points quite near together in space. Thus we can, to some 
extent, overcome fading in the following ways : 

(a) By using both vertical and horizontal aerial systems. 

(b) Summing the energy received on a 'nmnber of 
aerials iq>aoed apart a sufficient distance. 

Very deep ffiding is frequmtly found wh«i a station is near 
the edge of the ship dktanoe. Ihis is dim to the fimt that very 
anoall changes oooniring in the ktnosphrae mahe considenfoto 
dunges in the direction and intensity of the rayi tMunii^ down 



PROPAOATION OP SHORT ^miELBSS WAVES 116 

near the station, at one moment the ia 3 rB falling between the 
transmitting and receiving stations, now passing over the latter. 

At any one place the fading is difierent for different fre- 
quencies separated by only a few oydes. If fading is caused by 
interference between rays following different paths this will 
readily be understood, for the bending of a ray is a fonction of 
its wavelength and quite a small difference of wavelength (and 
therefore bending) will change the pomts^at which a group of 
rays again meet. Thus a continuous-wave signal puffers 
more violent fading than a modulated wave because the latter 
involves the transmission of a wide spectrum (see Cihapter HI), 
and there is a better chance of collecting part of the signal in 
this case, because the individual frequencies traverse different 
paths. For this reason telegraph transmitters are frequently 
modulated, so that the energy is conveyed to the receiver by 
a bcmd of frequencies instead of a continuous wave being 
used. Although a modulated carrier may suffer less fading, 
such a signal is often received distorted because the component 
waves are altered in relative value. This is sometimes 
referred to as selective fading. This does not matter for 
telegraphy, but may be serious for telephony or facsimile 
tel^raphy. If . the fading is due to a number of rays adding 
together at random phase, the distortion is found to be serious 
and when the distortion is small it is probably because the 
fading is chiefly due to changing polarisation. Yet another 
type is characterised by fading of the modulated component 
but no apparent fading of carrier wave. One of the authors has 
su^^ted* that this type of fading is due to a phase-shift of 
carrier relative to the side bands as the wave passes through the 
ionised layer, for it can be proved that** a phase shift of carrier 
of 90° relative to its correct phase can almost eliminate ampli- 
tude modulation although a frequency modulation is substituted. 
In short wave communication, fading is generally the most 
difficult feature which has to be overcome, as it is to be found 
at all times, on all wavelengths, and it is this feature which 
necessitates an average level of signal strength for commercial 
<^uitB much h^^ve the ndse level of the circuit. 

Modern teo^que is gradually overooming tire ordinary 
fading phenomena and an up-to-date receiver can deliver a 
* UMoODi Beriav, No. 28. ** Sm Ofeqpitair IIL 
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oonstaait level of signal at nearly all times, of a qnaliiy good 
miough for oommerdal telephony. 

Echoes. It is found that when a single short wave signal is 
transmitted, more than one signal is sometimes picked up on 
a distant receiver. It has become customary to speak of all 
the received signals subsequent to the first as “echoes,*' 
though these signals are not produced in the same way as an 
ordinary echo, i<e. by a wave reflected from a large object and 
returning back more or less along the path of the incident wave. 

Although echoes have actually been heard on the longer 
waves, it was the short waves which first called attention to 
their existence in wireless telegraphy, and in general they may 
be classed under three headings ; 

(1) Very long delay echoes. 

(2) 1/7 second echoes. 

(3) Quick echoes. 

(1) Very Long-Delay Echoes. Long-dejay echoes called 
the. Stormer echoes, after Carl Stormer who first observed them, 
may appear as long after the signal as 10 seconds (30 seconds 
has been mentioned) very much distorted. In fact it is because 
the echo is so unlike the original signal and. so long after it 
that its existence was unobserved for a very long time after 
short waves had been a common means of communication. 
Naturally an echo with such a delay is very difficult to account 
for, as at the velocity of light the echo signal would have to 
travel hundreds of times round the earth, and theories put 
forward are various in number. There is no scope within 
the present book to set out these theories, particularly as 
the long-delay echo is not of great interest to the wireless 
engineer, and none of the theories put forward so far have bear 
esM>li8hed. It should be pointed-out that the Stormer echo 
is sudi an extremely rare {henomenon that it has only been 
reported by a few observers in Europe and Asia. 

(2) 1/7 Second E^oes. These echoes, the “all-round- 
the-world ’* echoes, are caused by a signid making a complete 
drouit of the earth. Thus a station receiving from the west, 
say, may get an echo signal from the same direction a^roxi- 
mately Iff secood later than the mdginal tignal, should the 
condition cd the layer be lavouratde. Altiiott|^ weaker than 
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the original signal, it may be at times troublesome, as a direc- 
tional system cannot eliminate it. The times at which these 
echoes are heard usually coincide irith the period of season 
and day when the great circle line between the stations is 
nearly coincident with the shadow band, and wavelengths 
between 16 and 18 metres show this type of echo in a very 
pronounced manner. 

“ All-round-the-world ” echo. is a common phenomenon on a 
local station at the right season and time, but a more rare 
phenomenon on long-distance working. This will be rmder- 
stood by studying the shadow charts ; for a local transmitting 
station is in the same grade as the receiving station and at 
periods when the stations are near the shadow band the signals 
will follow the shadow band great circle path. On the other 
hand if a long-distance station is considmed, there is only a 
short interval of time at one particular season which can 
possibly create echo ; further, the attenuation of the signal 
along the extra distance to be covered between transmitter 
and receiver makes the chances of echo less. 

In addition to the ** all round-l^e- world ” echo, a shorter- 
interval echo will often be heard at the same time, which is 
caused by a portion of the transmitted energy taking an 
opposite path round the earth and so arriving at the receiving 
station from a direction approximately opposite to that of the 
main signal and at a time interval dependent upon the positions 
of transmitter and receiver. This echo is not troublesome if 
direotianal systems axe used as they will usually eliminate it 
or render it too weak to have any serious effect. These two 
echoes are always clearly defined and there is no appreciable 
distortion 

(3) .Quick Echoes. (Multiple.) Quick echo is made 
evidrat in different ways ; thus when a tone or speech is 
being reomved, a blurring-^r distortion of the signal may result 
or it may have a “ hollow ” sound giving the ordinary " empty 
romu ” effect. Signal blurring and distortion axe doe to multi- 
ple ray xeceptioa and as the distance increases their effect 
becomes less msirked. This is explained by the fact that the 
rays making the kmgest “ ricochets ” are less attenuated, for at 
eai^ riooehet froan earth and at each passage through the 
E layer S little energy vrili be lost and thus at very gntA 
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distances there may be only one really strong ray left, 
in consequence of which the echo signal will be negligible. 
This quick or muliaple echo is so close behind the main signal 
that whmi recording telegraph signals it shows up merely as a 
lengthening of the “ marking ” periods as if the relays had been 
given a “ marking bias.” For this reason the effect was known 
as “ ether bias ” in the early days of short wave working, when 
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the reason for it was not clearly imderstood. Except that it 
may cause fading, this multiple echo does not interfere with tde- 
graph reception, as it may be corrected by the use of suitable 
“ shaping drouits.” The introduction of facsimile showed the 
effe($t up in its true light, namely as a s^es of separate signals, 
an example of multiple in facdmile being shown in Fig. 61 , and 
measurements since made show that the blurred signal is in 
reality a number df signals arrivmg by paths of differmt 
l^gths, one milli-second bdng the greatest time interval yet 
observed between individual rays. By oaceful check of these 
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multiple echo times it is but a geometnoal matter to arrive at 
the number and l^gth of each ray path, from which an 
estimate can be made of the height of the ionosphere. 

In addition to multiple rays giving the quick echo, scattering 
has also some part in the various multiple effects observed, 
for if the scattered radiation is present at a strength com- 
parable to the main signal this slightly modifies the sound 
heard and the bliurred signal is most probably due to both 
multiple and scattered signals combined. The “ empty-room ” 
effect which is unmistakable when heard, is generally con- 
sidered to be due to scattmng, the scattered signal providing 
a background to multiple signals which gives 6m effect very 
closely analogous to the sound background in an undraped 
empty room. 

Atmospherics. It is customary to imagine that atmos- 
pherics are negligible on short waves. Actually they are quite 
strong on the longer short waves during the summer months, 
and it is only on waves below 15 metres that they can be said 
to be quite negligible. But on waves of this order we have 
considerable increase of general noise level due to machines, 
magnetos and loose mechanical contacts. 

Atmospherics are, of course, electric disturbances in the 
lower air layers caused by lightning disch6U'ge8. The effect 
of atmospherics on communication is not so much dependent 
upon the intensity of any single atmospheric, as on the fre- 
quency with which they occur. Because the power involved 
is so enormous, an atmospheric centre thousands of miles 
away can create serious interfisrenoe. Thus wireless services 
conducted by stations in temperate climates can be more 
upset atmospherics emanating from zones near the tropics 
than &om local storms, because the latter are infirequent 
whereas the former are almost continuous. 

Most of the atmospheric producii^ centres are large 
land areas near the tropics such as Afiica, Northern Australis, 
Northem South America and India. These atmospheric 
centres do not remain stationary but vary periodically with the 
sun, moving sou^e 10” north during our summer and south 
scH&e 10” during our winter. In addition to the seasonal 
dbange of position’ of the atmosidierio oeutres, the actual 
an^Htnde and frequency, particularly frequency, vary with 



120 SHORT WAVE WIRELESS COMMUNICATION 


the sun’s altitude diutnally, their frequency reaching a maxi- 
mum at 3 p.m. local time. 

The atmospheric pulses produced are very varied in charac- 
ter, but since their wavefronts are usually steep they are 
capable of giving interference on an infinite spectrum of 
waves (since a pulse is an infinite series of periodic frequencies), 
and thus the atmospheric is to be treated as an interfering 
transmitter radiating power at all frequencies. 

At 100 metres, atmoEqpheric interference is extremely bad 
in trOpical zones, and down to 30 metres the interfereqoe 
can be serious at times, at aU places. It is to be observed 
that - stations in a temperate zone may suffer more fix>m 
atmospherics on the very short waves than stations in the 
tropics very close to the atmospheric centre, for the tropical 
station will be inside the “ skip ” area and thereby unaffected. 

Measurement of Received Signal Strength. In the 
foregoing sections an outline has been presented, making use 
of various theories and assumptions regarding the ionosphere, 
etc., and certain methods of investigating ionosphere proper- 
ties have been given. We will now discuss one or two other 
measurements associated with the subject. 

One of the most important and practically useful measure- 
ments in coimection with any investigation into the prop^a- 
tion of wireless waves must be that of received signal strength. 
Even on long waves this presents considerable instrumental 
difficulties if weak sigiuds are to be measured, because the 
incoming power is insufficient to measure by direct means. 

When measuring short wave signals grave difficulties are 
introduced by the nature of the signal, sinoe this is rapidly 
vaiying in strength and is usually polarised in a complex 
fashion. In addition, the high frequendes involved make the 
design of accurate apparatus very difficult, aa exfremely small 
acddootal capacity couplings may so greatly modify results. 

Practioally all signal sfrength measurmg ai^taratue d^iendt 
i;^n matching the signid against a known output fr<nn a 
local source, using the same receiver fmr both and local 

source, one of the most importmit points in being the 

earful’ screening of the latter. It is usual > to ern^y, for 
redeptum, a frame aerial, as tiiis means the ma0etic 
field in all dixectums can be measured and also the ^E^ve 



PROPAGATION OP SHORT WIRELESS WAVES 121 


area (which must be known in order to express results in micro- 
volts per metre) can be determined better than the effective 
height of an open aerial. 

Measurement of Received Wave Polarisation. Apple- 
ton and Ratcliffe examined the downcoming wave of a south 
to north transmission at broadcast frequencies and found it 
to be drcularly polarised with a counter-clockwise sense of 
rotation, whilst a corresponding experiment conducted in 
Australia showed a clockwise rotation, thus demonstrating 
that the circular polarisation is produced by the earth’s mag- 
netic field. Eckersley has obtained simultaneously oscillo- 
grams of the same signal received on a horizontal and a vertioal 
aerial, and found that in some oases the fadii^ on the two is 
opposite in phase, thus indicating an elliptioally polarised 
wave. 

The cathode-ray direction finder of the Radio Research 
Board has been employed to examine the polarisation of 
short wave reception. The signals from two loops at right 
angles to each other are put through identical receivers (ad- 
justed to give the same performance) and applied' to the two 
sets of deflecting plates in a cathode-ray oscillograph. The 
arrangement is therefore similar in theory to a Bellini-Tosi 
direction-finder with the cathode-ray oscillograph as the 
goniometer, and a vertically polarised surface wave such as is 
produced in long wave laransmission would give a straight line 
at an angle which would indicate the bearing of the transmitter. 

When the arrangement is applied to short wave signals, 
however, an ellipse is usually produced, due to the presence 
of horizontally polarised components, though a rotating straight 
line is sometimes observed. The ellipse is continually varying 
both in direction of axes, in shape and in size. 

It is evident that further extended study of the nature of 
the received signal at long distances is of considerable practical 
importance owing to its probable influence on the design of 
receiving aerial ^sterns. 

Directioa-Finffing. Althoi^h it m^t appear out of 
place to include , mention of direotion-findmg in the present 
Ohapter, fleet tiiat one method used is an extmision of the 
ptdse timaEBniaricnii* fm ionosj^ere measurements must be our 
jutfdficatkm. 
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A suitably dedgned direction-finder can obtain a bearing of 
an ordinary short wave trtuismitter only if the direct ray is 
large compared with the scattered radiation firom the iono- 
sphere, hence the satisfactory working distance is very small, 
signals from moderate distances, so necessary for direction- 
finding work, giving no bearing. If, however, the transmitter is 
caused to produce very short pulses and the receiver is equipped 
with a cathode ray oscillograph, then the direct ray stands out 
separately on the screen and may be used to take a bearing 
which is unaffected by the scattered radiation. All that is 
necessary is that the direct ray shall be in itself of sufficient 
strength to be utilised and not that it shall be much stronger 
than the scattered radiation and, as a matter of fact, good 
bearings can be di>tained when it is much weaker. 

It is proposed to use this method of direction-fin 
connection with aircraft routes, particularly in tropic«;v. 
tries where atmospherics make the usual medium wave appara- 
tus very difficult to work. In the case of transmission from 
ah airplane the range of the direct ray is considerable. 
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CHAPTER VI 


HIGH TBEQUBNOY 7EBDEBS 


It is the usual practice nowadays to install several trans- 
mitters (or receivers) in one building and erect the aerials or 
aerial arrays for them some distance away. Hence a qwcial 
form of non-radiating link, usually termed a feeder, becomes 
necessary between the aerial and transmitter (or receiver) the 
function of which is to convey high frequency power with the 
minimum of attenuation. In the case of an aerial array, the 
feeder system will also have to be arranged to supply currents 
having the correct phase relationships to the individual 
aerials. Feeders take the form either of parallel wires or 
concentric tubular conductors. 

The telephone engineer will at once recognise the feeder as 
a transmission line which is in some ways simpler than those 
with which he usually has to deal, but the coming of the feeder 
for high-frequen<7 power transference introduced the wireless 
engineer to somewhat unfamiliar notions, and hence we shall 
endeavour to deal rather fiiUy with its operation. 


Adjustment of Load Impedance for Maximiun Power. 


It may be useful here to deal 
with an important general con- 
dition to be realised in all 
telecommimication circuits if we 
are to get idle greatest possible 
output fiiom them, namely, the 



principal of matched impedance. ^ 

Sui^pose that we have a resistive Fdocbb et. 

load B«, supplied from an alterna- 
tor, having an internal resistance and internal reactance 


Xr (lig. 


126 
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The total impedance is 


J{B,+ B,)»+ 

E 

and hence current I is equal to — — ^9 — 

and output W is 


(B,+B,)*+X,* 


( 1 ) 


The value of which makes W a maximum will be 
dW 

that which makes equal zero. 

dR^ 

Differentiating W by the quotient rule we have 

dW _ B,^-E»B, {2B,+2B,) 

dB, (R,*+2R^,+R/+i:,*)* (2) 

Hence W will be a maximum for that value of B, which makes 
R,*+2R^,+R.»+JC,*-2i2^,-2R,«=0 
from which R, = (3) 

it will be seen that the maximum power is transferred to 
the load, at moderate efficiency, when its resistance is equal to 
the internal impedance of the alternator or other source and 
the load and source are then said to be matched. 

This condition of matched impedance is continually being 
met with throuj^out telecommunications, whether generator 
or load are in close proximity, or whether they are separated 
by a feeder line. The only difference is that in the former 
case matchixig of load to generator automatically misuies 
maximum output, whereas in the latter case we have to match 
load to line to minimise line losses, and load and line to 
generator to obtmn maximum output from the latter. 

In many cases the source and load impedances will be fixed 
from other consideratioas, and it will then be necessary to 
msmt some transforming device. Inthecaseofvoioe-freqimnoy 
work an ordinary transformer would be used with a suitable 
ratio of primary to seo<mdary turns, but a transfcam^of 
conventional type would be very difficult to derigpi fin high 
frequeneies, due to the magnitude of stray nmgnetio leakage 
and effects, and, moreover, as will be seen latmr 

sim]^ abhitions are available. 
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Electro-Magnetic Waves along Feeders. Fig. 63 gives 
a picture of what we may suppose is occurring when a 
feeder is connected to a generator. The dielectric between 
the two conductors will be traversed by electric strain 
lines stretching between the two conductors. Since these 
lines are in motion, magnetic lines will be produced, and 
these will be concentric with the conductors. In the " skin *’ 
of the conductors there will be a drift of electrons, or, 
in conventional terms, a current. No energy is required to 
maintain an electro-magnetic wave in a pure dielectric, but 
the current in the guiding conductors results in some energy 
being converted into heat (as in all electric conduction) and, 
in addition, there must be some loss in the solid insulation 
necessary to support the conductors. This loss results in a 
reduction of the velocity with which the wave travels down the 
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l^auBB 63. 

feeder, whereas if there was no loss the “ guided ” wave would 
travel at the same speed as a “ free ” wave, i.e. at very nearly 
3x10"* cms. per sec. In the case of feeders carrying very 
high frequency currents, the energy loss is faiiiy small compared 
with other effects and the reduction of velocity is small. Hence 
as a fair approximation a working theory can be developed 
neglecting loss. 

Correct Termination to Prevent Reflection. Assume 
now that tiie wave reaches the end of a feeder which is open- 
drouited (or short-circuited), then since there is no circuit to 
accept energy there will evidently be reflection, and a wave 
will travel back along the feeder towards the generator. Here 
there may be a further reflection, so that the actual distribution 
oi electric and magnetic lines is the resultant of a number of 
waves travelling in both directions fdcmg the feeder. 

Thus if Fi, Ft, F„ etc.. Fig. 64, represent successive forward 
waves, the^ , will £brm a resultant forward wave, which is 
vector sum. Similarly, the correspmiding reflected 




128 SHORT WAVE WIRELESS COMMUNICATION 

waves i?j, J?j, etc., form the resultant reflected wave M,. 
Since each journey up and down the line entails small attenua- 
tion due to line and leakage losses, each succeeding vector is 
of smaller amplitude than the previous one, and hence the 
general form the vectors take is a spiral. 

Generally speaking, the resultant waves formed will be of 
small amplitude, but should the length of line be such that 



ItotFBi 64. 


each reflection is in phase with other waves travelling in the 
sune direction, a very large resultant forward wave (and 
reflected wave) will be formed many times greater in amplitude 
than the original wave impressed from the g«aerator. In 
fact in these circumstances it is only the line loss which prevents 
these resultant waves becoming infinitely great, as can be 
seen by considering tlm sum of an infinite number of vectors of 
eqpial lengths in line. 

If now two vraves, both of the same ampUtude, each travri[< 
linglflc^poaitedireotkniB, are combined, they wfD be found to 
fonn a wave stationary in space. La idl cases a stationary wave. 
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will oonsiflt of a ouirent and voltage wave the nodes of whioh will 
be spaced a quarter-wavelength ajtart in space, ihe exact 
positions of these' waves on the line being determined by the 
terminating conditions. In the case of a feeder terminated by a 
loss-free drcuit, there is no transfer of energy along the feeder at 
all (if its conductor resisttmce is neglected), but only a surging 
to and fit) of energy. The reader will be fan^liar with stationary 
waves as exhibited on strings, etc. If a feeder is terminated 
by a dissipative oircoit, there will be a forward travelling wave 
supplying the power fit>m the generator. In addition, there 
may be repeated reflections of energy forming a stationary wave. 

The presence of the stationary wave is undesirable because 
it reduces the amount of energy actually transferred by the 
feeder for a given generator voltage and also increases the 
losses because the current in the conductors is increased. We 
need to know, ther^ore, how to prevent reflection. 

At the far end of the feeder the ratio of voltage to current 
is fixed by the. impedance of the drcmt placed there. If thm 
the electric and magnetic components of the advancing wave 
do not satisfy this rdationship, a reflected wave must be 
formed such that the vector sum of advancing and reflected 
waves add to give the required condition at the load. The 
remedy for reflection is, therefore, to provide a drcuit whose 
impedance requires just the relationship between electiic and 
magnetic fields which actually exists in the original advancing 
wave, and, as will be shown later, this relationship depends upon 
the line constants. Thus the terminal load should be such that 
it absorbs the energy at precisely the rate at which it 
arrives. 

Another way of considering the matter is to say that we 
require an output drcuit which, wittile it may be very different 
in appearance from the feeder, is from the point of view of the 
advancing wave the same, so that there is no apparent change 
of medium and therefore no refiecticai. 

Approximate Equations for Current and Voltage along 
High Freqtmncy Feeder. When we wish to anal3rBe the 
behaviour of feedma mathematically it is much mote contenient 
to regard the feeder es made up of distributed imluotanoe and 
oapadly, imttead of speaking of electric and magnetic lines 
in the didecirio. This is cmly a difference of nomoadature, 
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of course, and not a physical difference, since when we speak 
of inductance we mean flux linkages per ampere, and when 
we speak of capacity we are expressing the electric strain lines 
per volt. Our feeder can, therefore, be represented by the cir- 
cuit of Eig. 65, the inductance per unit length being denoted 
by L and the capacity per unit length by C. Actually the 



Fieima 66. 


feeder must be more nearly equivalent to the circuit of Fig. 
66, because the conductors possess resutance and there must 
be leakage across insulators. If we applied voice frequencies 
to our feeder, we should have to take these into account as 
the telephone engineer has to do, but at high frequences the 
inductance and capacity effects are so great compared to the 
resistance and leakage that the two latter are less important. 
Thus a simpMed approximate analysis, assuming no feeder 
losses, will be developed to shew the general working of high 
frequency feeders, complete equations being quoted later 
without proof when discussing the question of feeder losses. 



liauBs 66. 


Ckmsider an infinitely long feeder (Fig. 67) supplied from a 
alternator giving a sinusoidal E.M.F. Eg. Then consider any 
point at a distance x from the altmnator and let the maximum 
value of the voltage at a; be E and maximum value of current at 
«be J. 

Tbm deereate of vdtage over Sx (assuming ourrent constant 
over this Idgth) 

B3 juLIdx 


or 


dx 


-jmLI . 


. (4) 
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Decrease of current over Sx (Msuming voltage constant over 
this length) 

= jtaCESx 

or^ = -jwOE (6) 

Differentiating (4) we have 
d*E . _dl 
d** ~ dx 

= {—jwL) {—jwCE) 

s=s — w^ZjCE . * • . . ( 6 ) 

Similarly ^ = {—jwC) {—jwLI) 

= -w'LCI . . . . . (7) 



These differential equations are of a well known form, 
having solutions 

E —Aooamx + B^mx . . . ( 8 ) 

and J s= (7 cos nuB -f D sin ma; . . . (9) 

where m w /^LO and A, B, O and D are constants. 

Wh<m x — b,E— Eg 

Eg= (A X 1) + {B X o) 

OT A ^ Eg 
Differentiatang <8) 
dE 

^ sas sin f»« -f- JJm cos m* 

when * 4^ /=» and /, 
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Difierentiating (9) 
dl 

^ m sin ma? + Dm oos mx 

dE 
S = 

and hence 

— mEf sin mx-\-Bm oos ni« = —jwL (/, oos ma: + D sin mx) 

As this is true for any value of x it follows that sine and oosine 
terms must be equal. 


. ( 10 ) 

. ( 11 ) 

We cannot eliminate the unknown J, unless we know the 
terminating oonditicms of the line. 

Suppose the line to be infinitely long, thmi no lefieotion is 
possible. Let Z, thoi be efiectiTe impedance of the feeder 

E, 

from tiie graxerator end. Then The impedance of 

the feeder at any finite distance x from the generator must 
still be Z„ because ^re is BtiU an infinite length of the feeder 
lying beyond the p(^ oonsidmnd, Lx order to find Z, take 
a vi^ <A X such 1^ tna;* x/2. so fbat oos niffoKO and nn 

ffijVMl. 


- mEg =5 — jtcLD 


jwL juL ^ ’\f L 


and mB = —jwLIg 
jg jxLI, 






Hence equations become 
EgSssE, oos mx—j IfBinmx . 

/, oos mx—Q Ej^mx . 
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Hence the infinite line loads the generator in exactly the 
sune manner as a pure resistance of value ^LjC. This value 
may be denoted by and is termed the characteristic resistance 
of the feeder. 

It is important to notice that although the value of B, in 
ohms is given by tjLjO (where L and 0 are expressed in henries 
and farads respectively), yet R, is an effective resistance, not 
a reactance. We have also shown that the impedance at any 
point along the jinfinite feeder is jB, and therefore the current 


is in phase with the voltage and of value 




Suppose now 


we have a finite length of feeder, then if we place a resistance 
equal to B, across the far end there will be no reflection because 
we have placed there a resistance equivalent in every way to the 
impedance of the line to infinity. From another point of 
view we have inserted a termination which behaves in the 
same way to the wave as the feeder behaves, and therefore 
there is no reflection because there is no change of medium. 
EvidenGy this is the correct termination to use for most 
efficient transmission of energy, since no energy will now be 
wasted in a system of stationary waves superimpoe^ on the 
toavelling wave. Notice also that since the terminating 
resistance B^ is replacing the porticm of feeder out off, which 
extends always to infinity, the termination is correct any- 
where ; and hence the actual length of feeder used is of no 
/woount and the correct termination will always be JBr Because 
the feeder has actually lesistaaoe and insulatitm loss, the correct 
termination wffi be a complex impedance, to detenniiie which 
the fan analysis of the transmission line as used by the telephone 
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engineer would have to be applied, but the difference in the 
case of short wave feeders is small. 

The equations for the voltage and current at any point in 
an infinite or correctly' terminated feeder may, therefore, be 
written 

E, = E, (cos » — i sin ■ • (13) 

E 

/, = — ' (cos X — j sin Wj^LC-x) . . (14) 

Mo 


These expressions will evidently repeat themselves every 

time w^LG.x is increased by 2Tr or when x is increased by 

27 r 2w 

. In other words the wavelength \ = (1®) 

For any wave motion » = /X 

* 2v‘ ~ JLO • • • • (1®) 


This velocity is equal to tbat of a “ free ” electro-magnetic 
wave in a pure dielectric, the conductors having been assumed 
to be mere guides in which no loss is taking plpoe. 

The high frequency feeder is what a telephone engineer 
terms a distorticmless line, since it behaves the same to all 
frequencies sufficiently high that the assumptions made are 
reasonably true. There is no attenuation of any frequency 
within this range and the velocity is the same for this range 
of frequencies. 

We have thus far considered the feeder terminated with an 
actual resistance but except for test purposes such a case 
would not be met with in practice. High ficequenoy feeders 
normally will be terminated by loaded resonant circuits of 
some form and it is well known that circuits of this t 3 rpe can 
act as a resistive load. 

By the design of suitable coupling cirouits, which will be 
described late:, such terminations may be made to mate the 
feeder characteistio resistance exactly. 

An interesting relationship exists in a loss-Jree Une between 
the voltage at any point and the current at a point one qnarte- 
wavetegth away (in eitlte direction). 

If a is increased 1^ ^ , tlien «r» is taoreased by ~ , so tlu^ 
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E,= E, cos mx — j 2?g sin mx 

and = If cos ^mx+ ^ sin ^ma!+ ^ 

r . ,E. 

= — IgSm mx — 3 cos mx 

==-jEjR, (17) 


Hence, whatever may be the terminating conditions in a 
loss-free line, the voltage at any point is equal (in magnitude) 

to the current at a point ^ away, multiplied by the characteristic 

4 


resistance. This relationship has been u^d to estimate high 
voltages on such a line by means of ciurent measurements, 
which are easier to make at hi^ frequencies. 

Value of Characteristic Impedance R,. A number of 
methods are available for a direct measurement of the charac- 
teristic impedance of a line, but since the value of R, depends 
almost entirely upon the ratio of the inductance and capacity 
per unit length of feeder we can calculate its value accurately 
and in Appendix III curves are shown which give the value 
of Rg for twin and four-wire open lines, and concentric-tube 
lines, from which we can observe that twin lines have an R^ 
of the order of 600 ohms, four-wire lines 350 ohms, and con- 
centric lines 80 to 100 ohms, as usually designed. 

We have previously mentioned the stationary wave pheno- 
mmion with lines not correctly terminated and we will now 
study the effects produced when open or shorted lines of 
finite length are coimected across an alternator. 

Open Circuited Feeder. Suppose now that we have 
a fe^er of length Xi, which has its end open circuited instead 
of being ocnmeoted across a resistance of value R^. Then 
voltage, and current equations at Xi become 
Egi=EgOO& mxi — 3 Rg Ig sin mxi . . . (18) 

0 a? cos mxi — •J' E, sin fiiXi .... (19) 

Ri 

E 

From (19) J, oes m^j j ^sin m®, 

R, 
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The impedonoe of the feeder from the generator end is 
therefore 

—j B, oot nwjj . . . . . . (20) 



Hence when is of such a value as to malce oot w ,jLC.Xi 
positive, the open-drcuited feeder loads the generator as a 

capacity reactance of value cot w ts/IXJ x^, while when the 

co-tangent becomes negative the reactance becomes inductive. 
Using the value of X obtained in (15), this may be re-written 
2'7r 

— R, oot (22) 

substituting the value obtained for in the gener^ equati(His, 
the equations for voltage and current at any point x become : 
Eg as Ef (cos mx -f tan mxi sin mx) . . ; (23) 

E, 

ss ^ (tan tnxi cos mx — sin mx) . . . (24) 

Since tan mx-i is a constant, there will be a series of values 
of X which make the equations zero. These values will occur 
when mx is increased by ir, that is when the line length is 

in(»reased by ^ • 

Thus along an ojien-circuited line of many wavelengths 

there will be a series of points ^ apart, where the voltage 

is always zero. These are termed voltage nodes. There 
will be a similar set of points where the current is zero, 
and these will occur midway between the voltage nodes. For 
any line length, however, tiiere most be a current node and a 
voltage anti-node at the open end, and the positions of ccnreck 
ponding nodes and anti-nodes can be reckoned back from the 
end. The noagnitude of these stati<n^»ry waves however and 
the relative ourrmt and voltage vidnes itom Ihe generator 
will depend upon the lengtii of line (and hne attenuation). If 
Ihere was really no loss in the fseder the wave produced 
will be entitdy of the sta^kmaiy tyi>ei ihere behig no trans- 
missipn of energy along the feeto M all and such a system 
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of waves could be sustained without the expenditure of any 
energy. ^ 

It will be observed that because of these stationary waves 
there is a spatial distribution of line current and voltage of 
one-quartor wave-length, and a quadrature time phase between 

E 

them. In consequence the ratio j or effective impedance at 

different points along the line will vary very greatly in magni- 
tude. For instance, at the open end, where I is zero, the 



68 . 

effective impedance is infinitely great and resistive in oharaoter 
sinoe / is zero, whereas at a point one-quarter wave back from 
the end the reverse holds, namely, E is now zero and the ratio 
E 

j indicates a resistive load of zero impedance. The values 
B! 

of Y points between these extremes show perfect reactive 

ocmditicms to exist, the sign of reactance dtanging abruptly 
as one passes through each quarter wave posHdon. 

Fig. 68 shows these vacations of reactance witih fiseder 
length froth tWhidbr it may be seen that an open oxrcuited 
feedw one-quarter wavdength loi^; (or ax^ odd multiple 
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thereof) throws back across the generator a short ciroiiit ; 
A length of half a wavelength (and multiples thereof) acts as an 
open oirouit ; and lengths of one-eighth wavelengi^ (and odd 
mtiltiples thereof) a pure reactance equal in value to Bg, but 
changing mgn every quarter wavelength. It is often con- 
venient when setting up feeder and aerial systems to use a 
length of feeder as a matching reactance because its value 
can be accurately predetermined by length and it avoids the 
use of an ordinary condensers and inductances in the open. 

Short Circuited Feeder. If the end of a feeder of length 
Xi be closed by a “ loss free ” conductor, then at Xi equations 
become 

0 = Eg COB tnxi—j Bglg^ mXi . . (26) 

Eg 

and /,i =s /, cos mxi sin mxx . . . . (26) 

J _ Eg cos 
“ j Eg sin nuci 


=<= — j ^ cot mar, 


The reactance of the feeder, considered from the generator 
end, will therefore be 

j Eg tan mxi (27) 

Hence when tan mxi is positive the feeder will behave as 
an inductance, the current lagging 90°, but when the tangent 
becomes negative the feeder will be equivalent to a capacity. 
Substituting for J, in the current equation 



The equation for the voltage at any point x becomes 

Eg =3 E, cos fnx —j Eg cot mx^'j sin mx 

ss Eg (cos mx —cot miPi sin mx) 

The curimit equation beoon^ 

E 

/, = — (cot i»*i cos maj-f- sin »i») . . (29) 

Evidently when cos mxi sin fun, the eaiensfdon 

wiD beet^ eero, indicating that the maadniniB v^ue of E iini' 
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this value of » is zero, i.e. the voltage at this point is always 
zero. 

As cot tnxi is a constant these nodes will occur every time 

mx is increased by t, i.e. at distances separated by The 

actual distances from the generator end at which the nodes 
come will depend upon Xi, the length of the feeder. 

The way in winch the reactance varies with length is shown 
in Fig. 68, from which it is evident that there is but little 
difierence between the behaviour of an open-circuited and a 
shorted line, except that the stationary wave system is moved 
forward one-quarter wavelength. 

« Feeder Terminated by any Impedance Z^. No Line 
Attenuation. 

If the feeder is of length I then 


Ei = E, cos ml —jR^IgSaixml 
Ii=Ig OOB ml— j ^ sin mi 


(see 10, 11, 
and 12) 


But if the feeder is terminated by an impedance Z^, theu’E^ = 

z 

ZiZ^andEyCosmi —j =/,Z,cosml — j ^ sm ml 


from which Ig = Eg 



Zg cos mi rf j E, sin mi 


Evidently by substituting this value for Ig in the general 
equations (10) and (11) we can obtain expressions for the vol- 
tage uid current at uiy point along a line terminated by an 
impedance Zg. We are usually more concerned to know what 
is the “ seuding-ead ” impedance of such a line, that is, the 
impedance which it places across the generator. 

This is evidently given by 

Z, cos mi -f- E, sin mi 

- — 

cos mi -f- j ^ sm mi 

n 4- j E, tan mi 
• jB, -f y Z,, tan mi 


^ that is, Z = 
■*» 


. ( 31 ) 
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Properties of a Quarter-Ware Line. We have already 

Been that a 7 line, open-oirouited at the far end, presents zero 
* 

impedance at the generator end. A ^ line has a number of 
other pro})erties which are useful and interesting. 

^ For if . ^ Ite, i, by » pm, 

— , Fig. 69, then the input impedance is a resistance of value 
n B„. This may be proved as follows : 



Fnnma 69. 


Re-writing (31) in terms of “ electrical length ” 
_ Z'^+jB^taad 
B, +jZ,taue 
which may be re-arranged as 

Z, cos d -f j E, sin d 
R, cos d-f-jZ, Bind • 

For a ^ line (^ — ^ ) becomes 




(32) . 

(33) 

(34) 


A similar argument will riiow that a terminating inductive 

M X 

reactance of value appears at the generator end Of a 7 


line as a oapadtarive leaotapoe of value n B^,, and the converse. 

A I line can timrefote be used as a transformer for maitohing 
lov iaqtedan o Bs to hi||^ vahms vies verm. A oomniOn 
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application of such a transformer is to terminate a feeder of 
characteristic resistance JB,i, supplyiog an aerial, eqaivalent 

to a resistance R, as shown in Fig. 70. A ^ length of feeder, 

R^ having the correct characteristic resistance will terminate 
the main feeder correctly. 

There will be stationary waves set up in the ^ line because 

it is not coireotly terminated, but the conductor and insulator 
losses thereby introduced are not serious because of the shcnrt 
length concerned. 

^ 

a I 

Roi Roa 

^ 
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From (38), 

R * 

and Z^a is to equal R^i 

.*• -8.1 = ^/RR,l (36) 

It is also x> 088 ible to transform a complex unpedance into 
a pure resistmce by altering the length of hne somewhat. 
Hence, for example, an aerial which is equivalent, &t the feed 
point, to an impeduioe R + j X can be arranged to give a pure 
resisttmoe R„ tub AB. 

From (81) 

y _ j? (-g+jX + R^tand,) 

- "rt ij^H.^-(iJ+^'Z)tand, 

Rationalising and re*airanging : 

ZjiU 

BR^ (1 +tan *0.) i?.tX{l - tan *0,) +tan 0, (I?„»-X*-22*) } 
^ (R^~X tan d,)* + iZ* tan •«, 
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Since is a puxe resistanoe and we are trying to make 
Z^a—R^i, it follows that the “ imaginary ” part of this ezpres* 
sion should equal zero, and this fact will give us one relationship 
for the design of the transforming length of feeder. 

- tan *d,) + tan 0 - Z« — i?*) = 0 


Multiplying by cos *0, and re-arranging : 

sin 0, cos 0, (R,j* —X* — R*) = — R^^X (cos *0, — sin 
I (R„» - Z* - R*) sin 20J = -R,»Z cos 20, 

2 R„ Z 

t“^^0*“ “iJ^,*_Z*— R* • • • . (36) 


This expression for the length of the transforming feeder 
contains its characteristic impedance and it will therefore be 
necessary to assume a value for R,, and solve for 0„ The 
value found can then be inserted in the equation 


Z^g — 


R R„* (1 + tan *0,) 


(R,, — Z tan 0,) ■ -f- R* tan *0, 


(37) 


to see how nearly Zgg = R,i, the condition we wish to achieve. 
If the difference is too great, another attempt must be made 
with a different value of R,,. 

It is possible, however, to obtain an expression for R,, which 
does not involve 0„ and this can be shown to be 

"-• = *•*{* - 5 (^} • • • 


Example L A half-wave aerial, tuned to 20 megacycles, is 
equivalent (between its feedpoints), to a nan-inductive resistanoe of 
100 ohms. It is to be fed by a patt^el-wire feeder having a ohatao- 
terisrio impedance of fiOO ohms. Design a suitable transforming 
feeder to insert between the mun feeder and the aerial so that the 
former may be coraectly terminated. 

The feeder should be ^ long. If tiie velocity ateog it may be 

taken to be the same as in free space, thm tiie required leusth is 
3.75 metres. (Actually, the velocity will be somewhat less mie to 
! losses and to the preemioe supporting hundatora, and the ohrrect 
hiQg^ will riterenae be reduc^ A osml yalhe velooity for 
panilbl-wirB feeders sn]^K]rted at intervals % good insnlaton is 
some 90%> of that in few space.) 
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Th e oharaoteri atio impedanoe of the tiansforming feeder should 
be V 300 X 100 224 ohms. Befereuoe to Appendix III shows 

that this oould be realised by using two rods of 0.3 om. radius, 
spaced 3.2 oms. apart. 


Example 2. CoDditi<ni8 as in example (1) except that im- 
pedance of aerial at £aed points is equivalent to a lesistanoe of 
100 ohms in series with an mductive reactance of 30 ohms. 


From (38), jB;,* = 300 X 100 
Bog =s 218 ohms. 
Fnm (36), tan 20 = 


|i ^2: I 

\ 100(300 —30)/ 


100(300- 
2 X 30 X 218 


218* — 100* — 30* 


« = —0.628 
26 = 148° 


0 = 74° 


A general theorem may here be stated, that is frequently 
useful in oonneotion with feeder and aerial calculations. Any 
impedanoe can evidently be expressed either as a resistance 
and a reactance in series or a different resistance and reactance 
in parallel. Thus consider the circuits (a) and (b) of Fig. 71. 

If (a) represents an actual arrangement of condenser and 
resistance in series it is nevertheless possible to find values of a 
condenser and resistance which placed in parallel would take 
the same current as the series circuit when the same voltage 
at the same fiequenoy was applied to it. 

Gircuit (a) Circuit (6) 



Fioubs71. 


E ^ E (r +jx) 
r — f* -j- ®* 

T ' 1 ® 

r*-f »• "* ~SI r* + »* 

/ ~ 


I = 


1 






Hence 
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or Rp 


r* + «• 
r 


and Xp 


r« + g* 

z 


( 80 ) 


OotiTiecsely the oonverdon of parallel dements of Xp and 
Bp into egnivalent series dements r and x, can be oaxxi^ out 
by the following fiormulee : — 


r = B, 


X * 


^Bp> + Xp> 

r ^p' 

Bp* + Xp* 


(40) 


(41) 


or if r has previously bemi found x can be obtained more 
simply fix)m 




(42) 
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By the use of this theorem, tc^ther with our knowledge of 

the properties of a ^ line, we can deduce the values of r and x 

by measuring the impedance between A and R as a patalld 
comUnation Bp and Xp, Eig. 72, 

B * 

Erom (83) -j-jx 

ftom which r, *» - gjui a; tm 

• + * r* + »* 
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From (39) R. 


r,*+«,* -B,* 


r, r 

’’ ~ * 


--Bo* 


or f = and * - ^ 

■Kp JLp 


(48) 


This srelationship is sometimes nsefiil whmi ocmduotiiig 
measmements on fseders. 

The Reactance ** Transformer.” An altemative method 
for transforming an impedance to another valoe inyolves 
the use of what is known as a reactance transformer. For 
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instance, suppose we have a feeder having a oharacteristio 
resistance Bp, Fig. 73, and desire to couple to it a load resistance 

r whose value is but - B,. 

n 

By placing an inductance in series with r we can increase the 
impedance of this branch but there will then be a large reactive 
component. This can be balanced by the parallel capacity 
leaving the net impedance between A and B purely resistive 
and of the correct value. 

The correct sizes of Xj^ and Xg can be determined as follows: 


By the usual rule for parallel impedances, 
r+JXji-jXg' 

nr* + Jnr (X^ — Xg) »= X^Xg —jXg r 
* Wf* 

equating the real parte, nr* ■= Xx,Xg or ^ 
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equating the unreal parts, nr — Xg) = — Xf,r 


nr* 

n — nXc = —Xq 
■^0 


Xo = 



(44) 


and Xj, —r »Jn — 1 . . . (46) 

It is not actually necessary that the load impedance should 
be simply a pure resistance r. If the load has actually inductive 
reactance for example, then Xj, may be reduced to give the 
smne total inductive reactance for the branch. 


£ 
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The arrangmnent can, of course, be used in the reverse 
direction. Thus the larger resistance, H, may be the load which 
is to be transformed into a smaller rerastanoe, r. 

Knungtoi of fhe Use of the Be«4i^ Tranafonner. (1) A main 
fiseder branches into two, all ^ feeder being of the same ocmoentrio 
iype with aoharaoteristic impedance of It is desiied to install 
a reactance transformer at ^ junction so that the main feeder 
may be cociectly terminated. 

The load impedance ctf Ihe two feeders in parallal will be ^ 
Hienoe » « 2 and femn our equations we find titat Xc JRii and 
Xz ss ^ • The vector diagram fer this sim^ oase ia ^ven 
in Kg . 74, 
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(2). The base impedanoe of a given aerial may be considered as a 
resistance of 900 ohms in series with a oapaoiiy^ reactance of 200 
ohms. The feeder used has a characteristic impedanoe of 75 ohms. 
Determine the reactances to be used in a suitable transformer. 

This is evidently a transformation in the reverse direction to 
that discussed previously and tikierefore the connections will be as 
'Fig. 76. It v|^l be necessary to express the aerial impedanoe in 
psd^el form and from equations (39) these become 433 ohms 
resistance and 650 ohms capacity reactance. The reactance will 



Itomui76. 


be {ffovided for by increasing the size of Xc and will riieiefore be 
ignored at the moment. 


433 

433 
“ V4.78 


= 6.78 


— 198 ohms and JT, = 75 V 4.78 — 164 ohms. 


It will be seen that Xc is made up of two parallel reactances,^ 
650 ohms due to the aerial and X, say, due to the cond^iser in the' 

* 1 1 1 

transformer. 'We therefore have "*■ "X ~ IM which 
X — 286 ohms. 


Losses in Feeders. Any actual feeder must, of course, 
attenaat<r^e energy passing along it because of conductor 
and insulator losses and Energy may also be lost by radiation. 

Conductor loss may be calculate with fair accuracy but 
insulator losses are not amenable to calculations. With the 
parallel-wire feeder there may be considerable radiation loss 
of amount depending upon a number of factors. 

Suppose a power P is to be delivered by a feeder of charac- 
teristic impedance B, and conductor resistanoe r. Th en the 
feeder current I = s/P/B, and voltage F ** ii/PP,. Con- 

f 

ductor losses ate P ^ and hence, if these only are considered, 

equal tranamisaioo ^dendes will be obtained fircnn difinent 
types of feeder having the same value fm f/B,. 
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The feedor having the larger Jt, mil tend to have greater 
dieleotrio losses because the voltage is higher. 

It has already been mentioned that concentric-tube feeders 
have a characteristic resistance of between 80 and 100 ohms, 
and puallel-wire feeders some 600 ohms, and 4-wire feeders 
some 360 ohms, so that the former carry larger ^currents for a 
given power and thmefore need to have greater conductor 
section. In both oases an increase of spacing of the con- 
ductors increases the oharaoteristio resistance, but in the parallel 
wire case, if we increase the spacing too much it becomes 
more difficult to prevent radiation. • \^th concentric-tube 
feeders any diameter of ontfflr tube increases materially the 
cost of the feeder, whilst there is an optimum ratio of inner 
and outer diameters giving best efficiency for a given outer 
tube diameter. 

That thrae will be an optimum ratio is evident from the 
following eonsiderations. Since the outer diameter is fixed, 
the conductor loss in the outer tube is fixed. The larger the 
radius of inner tube theilarger is its conducting surface, and 
therefore the smaller the conductor resistance. By increasing 
the iimer tube diametor, however, we Ining the two tubes 
doser together and thereby decrease the characteristic resist- 
ance, which means mote current for a given power. If we 
increase the inner tube diameter beyond a certain value, there- 
fine, the reduction of conductor resistance is more than offset 
by the decrease of characteristio resistance. This optimum 
ratio is determined in Appendix IV and found to be 3*6. 

Copper Losses in Feeders. In Appendix IV it is also 
diown that the power efficienoy of a km. length of a concentric 
tube feeder (taking account of copper losses only) is givmi by 


logw n - —1*80 X i(y*>s/ 


(1 + 1 ) 


tog) 


. ( 46 ) 


10 


wldkt the loss per km. in dbs. is 

'1 + 1 ) 


1*30 X 1<^a/7 


(«) 
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where i; =effioienoy. 

/ ss&equenqy in cables per second, 
r, sradins of inner tube in oms. 
r,= „ outer „ „ 

The effioienoies per km. length and loss in dbs. per km. of 
some typical concentric tube feeders, calculated from the 
above formulas, are given in Table I : 

Taboi 1 — ^Fbeqttbkoy s 20 kegaoyoles. 


• 

Type* 

' 

Outer 
Radius of 
Inner Tube 
(Cms.) 

Inner 
Radius of 
Outer Tube 
(Cms.) 

Ratio 

Per- 
centage 
Efficiency 
per Km. 

Attenua- 
tion 
Dbs. 
per Km. 

R. 

No. 0 

3-30 

13- 0 

4 

81-3 

•96 

83 

.. 1 

1-11 

4-44 

4 

77-8 

1-09 

83 

2 

0-876 

3-17 

3-6 

70-6 

1-62 

77-0 

„ 3 

0-238 

0-796 

3-34 

24-8 

6-06 

72-2 


Corresponding calculations for some arrangements of parallel 
wire feeders are given in Table 11. The calculation n^ects 
losses due to earth currents and also the effect the presence of 
the other wire has upon the current distribution. 


Table II — ^Fbequeect 20 heoaotoles. 


Wire 

Gauge 

No. 

' 

Radius of 
Wire 
(Cms.) 

Distance 

betSveen 

Wires 

(Cms.) 

* 

Ratio 

d/r 

Per- 
centage 
Efficiency 
per Km. 

Attenua- 
tion Dbs. 
per Km. 

R, 


f 

10 

41-1 

71-1 

1-48 

445 

6 


20 

82-2 

76-0 

1-26 

630 


1 

30 

123 

76-9 

1-14 

678 


- r 

10 

49-3 

67-8 

1-69 

468 

8 

0-203-^ 

20 

98-6 

72-8 

1-43 

551 


- 1 

30 

148 

73-8 

1-32 

600 


- f 

10 

,76-7 

68-3 

2-34 

619 

12 


. 20 

161 

63-.0 

2-01 

602 


A— 

' 30 

227 

66-2 

1-86 

660 
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The attenuation at any other firequenoy may be found 

(as equation sho'ws} by applying the ratio kJ ^ 
the results given for 20 megacycles. 

Feeder Attenuation Measurements. The results of 
measurements on concentric tube feeders indicates that with 
large feeders the total loss is of the order of double the copper 

db. 



StovBsTO. 

loss, whereas with small feeders the total loss is less than double 
owing to the greater jnroportion of copper loss wdth the 
diameter inner oonduotar used. In Eig. 76 are shown ourres 
f(»r various types of feeder, and in two oases, curves for both 
calculated and measured loss axe shown, as indicated in the 
Eigure. 

Effect of Insulator Spacing. AH our calculations assume 
a unifmnn]^ distributed oapadty between the lines but solid 
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instilation muat be employed to keep the conductors in position 
and these insulators will, in most cases, be spaced at intervals 
in order to reduce dteleotric loss and cost. Since all known 
materials have a dielectric constant greater than that of air, 
we are therefore inserting additional parallel capacities at 
intervals, which may have values up to about 5/uyuF. 

The effect of the insulators is very dependent upon their 
spacing in relation to the wavelength being used. 

Consider a feeder (Fig. 77) in which the insulators are 

spaced - apart. It can be seen from (31) that if ml = v, 
2 


then Z.=Zf. That is, a - line does not transform impedances 

but a terminating Z, produces an impedance Z, across the 
generator. Hence (7, is effectively m parallel with C, to give 
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2C and this will produce the equivalent of 3C at C^, so 
that if there ate n insulators along the feeder, a capacity of 
nC is placed across the generator, and the input impedance is 
very different from even if the feeder is correctly terminated, 
and will depend greatly upon the length of the feeder. There 
vull be laige reflected waves set up at the nearer insulators 
wh^ low capacity reactances are effectively shunted across 
the feeder. Fig. 78 shows the variation of input impedance 
looking towards the terminal load as the distance along the 

feeder is increased. If insulators are spaced at ^ intervals, 

the capacity reactance of Gi becomes an inductive reactive 
at (7„ partially cancellmg the effect of Cf, and so on. No 
cumulative effects occur and the vaciatitm of input impedance 
with length is theiefoirc small. Such an arrangement would be, 
however, critical with frequency. It is more usual therefore 
to inocease the nufober of insulators omigiderably,^ whereby 
the change of input impedance with lengtii can be reduced 
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to a negligible amotmt, eleven per wavelength being a usual 
figure. This question of insulator spacing principally con* 
cems ultra-short wave feeders because at the longer wave- 
lengths such spaoings as ^ or j would be quite inadequate 
mechanically. 

Velocity Slip. Another and important feature of a feeder 
which is controlled by the dieleotrio material between the 
fiseder line is the reduction of velocity of the wave in the feeder 
relative to the wave in free space. For instance, ,we may 
require to use a quarter wavelength piece of feeder and it is 



essential to know the actual length of feeder required to act 
as a quarter Travelength. In all oases ihe actual length will to 
shorter by a percentage which is ^pendent upon the reduction 
of velocity of the wave in the feeder and may be termed the 

velodty-slip.” Thus feeders having a oontmuous dieleotxio 
will have greater velocity slip than feedem having air spacing 
with occasional insulator supports, but it should be remarked 
that a large amount of velodty sl^ does not neoessarify mean 
a proportional insulator loss because it is possible to produce 
insulating materials having a high dieleotxio oonstant and yet 
ha^dhg low loss^ Values fat vdodty slip in ty|doal feeders 
axe idiown in Table m. 

l*ypes of Concentric feeder. at 

tranfluittisig statknii are geoera% ooiistraoted fe 


Table ID 
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Velocity 

r- 

5^ S? 5? 

'955>ps?«p09s« 

Attenuation 

a 

db. per km. 

L 9 ? . t « S 

^ 2 L 

•^ca<o? »-<• *^Q0 

to ^ to o 

CO O ^ 00 to r'H 

i-H t— 4 

Capacity 
per metre 

41-6 

340 

32-5 

68-9 

90*0 

45 0 

37 0 

37-0 


92 

lOO 

100 

78 

70 

76 

100 

97 

j 

‘-Z 

J 

1 


Steatite Discs 

Trolitul Discs 

TroKtul Discs 

SoUd 

‘^Telcothene” 

‘^Peroflex” 

Tube 

Trolitul String 

Paper 

Paper 

Diameter 

K 

4 

Inner 

do] 

^ 

of. 

® • • CO . CO 

r 

Outer 

CO ^ ’7* • * 

Type 

AS 34 

AS 33 

AS 26 

FT 1 

Peroflez 

Trolitul 

Slxiug 

E.H.I. 

DF. 

1 


t -/ 

s g 

s 1 g 

d B S 

OQ H 
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from copper tubisg. The outer tube is usually supported at 
frequent intervals a short distance above ground on iron stakes, 



and special boxes are used 
to negotiate bends and 
juncticms and to provide 
for expansion. The gen- 
eral layout of a feeder for 
a broa^de array is shown 
in Fig. 79, which shows 
one bay. In early types 
of feeder, expulsion of the 
outer tube is allowed for by 
the insertion of corrugated 
diaphragm - connectors at 
intervals, but owing to 
the electrical discontinuity 
this creates, the expansion 
of outer as with inner is 
allowed for now by the use 
of sliding sleeves. Several 
sizes of rigid feeder are 
available, the largest 
having an outer diameter 
of 6', and being capable 
of handling powers up to 
100 kW. at the highest 
frequencies, the losses in 
such feeder being shown 
in Fig. 76. 

It is important to reidise 
that the maximum potmi* 
tial gradient across the 
supporting insulator in 
a conoentrio tube feeder 
occurs at the surface of 
the inner conductor. This 
means that annular insu- 


lators must fit veiy tightly to the inner oondnotor or else the 
thin layer of air between conductor and in8n]at<»^---einoe it 
has a lower dtelectric constant than the insulates^— will take 
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the greater part of the voltage between the conductors and on 
high-power lines a breakdown may take place here. 

Concratric tube feeders are sometimes designed to be buried 
below the grovmd to reduce expansion troubles and give more 
perfect screening, and in certain cases arrangements are made 
to pump in dry air or an inert gas under pressure, in order to 
exclude moisture and maintain the characteristics of the 
feeder constant under varying atmospheric conditions. 
Whether such a refinement is necessary is doubtful, as the 
experience of Messrs. Cable and Wireless over a large number 
of years with ordinary concentric tube feeders above ground 
is that they give no trouble and that their maintenanoe costs 
aire practically nil, except for the painting of the supporting 
irons. 

Flexible and Semi-Flexible Concentric Feeders. In 
the last few years a variety of flexible and semi-flexible 
feeder cables have bear developed, the former for receiver 
work and the latter of sizes large enough for trsuosmission, or 
for reception where very low loss indeed is required. The 
advantages of the larger size over rigid t 3 rpes are that they can 
be handled like ordinary electric power cables and the jointing 
involves much the same technique, whilst the overaU charac- 
teristics tend to be more free of discontinuities. 

Two types, developed jointly by the Marconi Co. and the 
Telegraph Construction & Maintenanoe Company, and manu- 
factured by the latter firm, consist of a solid copper wire as 
central conductor spaced concentrically within a lead outer tube 
by means of spacing discs made from a synthetic resin, known 
as Trolitul, placed about every 3' apart. Trolitul has a high 
dielectric constant and a low power factor uid has the advan- 
tage of not being hygroscopic. The spacers are assembled on 
the inner copper wire and the lead extruded over the discs from 
a lead press, and although there is no practical limit to the length 
that can be built in one operation, it is usual to manufacture 
such cable in lengGis up to 600 metres. After sheathing, the 
oid>le is annoured in a normal way with steel tape and jute 
covering and even the largest dze can be rolled on to drums for 
trans|KHrt and ittsta^ti<m direct into trenches. The instaUa- 
tkat the ehbles follows power cable technique. Thus, for 
jointing, the centre wire will be scarfed, soMeted, bound with 
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fine wire and lesoldered, and the enter lead will be joined 
with a lead sleeve with wiped joints, and where the joint is 
exposed the join will be enclosed in a comi>ound-filled oast 
iron joint box, as shown in Fig. 80. For the termination of 
such a oable a special end-fixing gland has been designed as 
shown in Fig. 81. 

Although for a given diameter of outer, the lead outer is 
not quite so efficient as one of copper, ease of manufacture and 
installation are strong recommendations for its use on low 
powers. 

Smaller and quite flexible cables for receiving work are also 
made in various types. In these, the insulation is continuous 
and hmice losses are greater and velocity of propagation less. 
In Table III particulars of a number of cables are given. 
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Parallel-Wire Lines. The general construction of an 
open wire feeder for high-frequency work is similar to that 
used for telephone lines, except the lines are usually hung 
from a caross arm on long rod insulators having small dietectrio 
loss, and the longest posdble spans will be adopted. The lines 
are usually hux^ on poles about 10' high and the gauge of 
wire and spacing will be determined, of course, by power 
that is to be handled, and where larger powers are used it will 
be necessary to equip the instilatora with o(»ona rings. A 
g<mge of wire of 6 S.W.G., about the largest that oan be handled 
conveniently, is safe for 60 kW. mod^ted, 100%. 

ParaM-wire lines must be careful^ balanced to avoid 
radiation and prevent losses, not onfy as regards correct 
termination but to ensure that each line has the stune currnat. 
It is frequently feimd when expknii^ a hne that each line 
shows eyidenoe a stationary wave mid that the statona^ 
waves are dhfplaoed spatfeUy to one another ideiihg the 
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This is Hot necessarily due to an unbalanced load, but may also 
be caused by unbalanced reflections at supporting insulators. 

The efficiency of an open wire feeder is as high as the con* 
centric feeder and Sterba found the measured loss to vary 
with frequency in much the same way as the calculated, but 
the measured were much greater, the tests being carried out 
with a resistance termination equal to the R, of the feeder. 
The B.B.G. made similar tests and found a large vwiation of 
input impedance against frequency with a supposedly correctly 
terminated feeder. 

Walmsley gave some results obtained by the British Post 
Office which clearly showed that large radiation losses wiU be 
experienced when feeders are unbalanced, the losses being 
easily doubled in some cases. 

Four-Wire Parallel Wire Feeders. Four-wire feeder 
lines may be constructed with the go and return pairs disposed 
at opposite sides of a rectangle, or diagonally. The former 
arrangement gives a lower surge impedance (see appendix HI), 
but does not make such an easy mechanical lay-out. It is dear 
that for large powers the four-wire line has the advantage that 
the conductor size is increased and the characteristic impedance 
lowered. This means the line voltage for a given power is 
lower than for the twin wire, the insulator losses are reduced, 
and because of the mechanical layout of the wires there are 
no discontinuities and it is found that such feeders are more 
easy to match up than the twin, and a four-wire feeder with 
N6. 6 gauge wire will handle 100 kW. In Appendix m is shown 
the calculation for the surge impedance of four-wire lines 
giving curves for differmit spacings. 

The Measurement of Stationary Waves. In the testing 
and balancing of parallel wire feeders it is common practice 
to measure the relative values of the stationary wave maxima 
and minima, as a knowledge of these enables one to design 
vmy quickly one form of correct matching circuit for coupling 
the fseder to a load oirenit (see p. 104). 

A number of jnshwnents have been devised for the purpose 
of nimuxing stationary waves, the most common being an 
instrument to run aloiog one wire of the feedmr line, and con- 
iBHting shnpfy of a hc^wire ammeter bridging a pentum of the 
as invested in Besults vrith an instrument of 
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this kind can be fairly consistent and acoorate provided 
care is taken to dean the wires thoroughly and make sure that 
good contact is everywhere maintained, that the instrument 
is kept in the same relative position for all measmements, and 
that body efieots ace avoided. 

A rather better type of instrument is shown in Fig. 83 which 
is designed to be free of all contacts, but at the same time 
picks up enei^ only through electro-magnetic induction. 
This is accomplished by designing the pick-up coil in two halves 
croBS-oonneoted as shown in Fig. 83, the output from the coils 



being connected through a screened feeder to the tuned circuit 
and indicating meter. The whole instrument is carried on an 
insulating sli^ (not shown) which locates the coil exactly 
midway tetween the lines, and it has been found that extxemisly 
accurate results can be- obtained. 

Summary of Comparison Between Types of Feeders. 
Thme is a mvergmce of opinion regarding the overall merits o£ 
ouncentric-tube and opwi wke feeders. Thme is but little 
difierenoe, if any, in the effidenoies of the two types and the 
pros and cons are bound up in the economic problun. Thezigid 
oOnoentiic-tube type is much mote expensive in first code and 
to instai and it is not thecefiae of lue for fmporazy hwtaSar 
tions; It is non^radiatii^ even if not |ttope^ bahuioed/ its 
^BUetSifsthis do imt ^ihai^ with varying weather eqmlitkm^ 
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it is not affected by lightning discharges, and since the outer 
conductor is earthed the feeder can be installed close to or even 
buried in the ground, out of the way. The chief disadvanti^ 
of this type apart firom its cost, is that it does not lend itself 
to coupling to a balanced type of aerial or array system and 
in the event of trouble occurring, by a flash over say, it is more 
difficult to locate and repair. 

The chief advantage of the open wire feeder for large powers 
is its much smaller prime cost and where alterations have to 
be made, the greater ease of changing feeder runs, and it is much 



more suited for coupling to the balanced type of aerial, and faults 
can be traced very quickly. Its disadvantage is its tendency 
to radiate, it is affected by the weather and it is liable to be 
struck by lightning discharges. 

Impedance Measurements on Feeders. Measurements of 
feeder and load impedances can be made either by using bridge 
methods, ac by the use of resonant circuits specially adapted 
f(Hr the purpose. The latter have been in use flur many yeana 
and axe most useful for <ndinaxy field w<ak, and ihe former give 
acoozate and ooosistmit results in export hands. 

Radio*Prequency Impedance Bridge. A balanced Inddge 
(developed by the Marooid Qo.) suitable fer meaBuzements up to 
40 megacydes is (ffiown ’sdbmnatdeally in Fig. 84, and is desiipied 
fmr use with an CMK^Ilator fer ihrovklii^ ihe neoessazy input 
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voltage at the desiied frequesoy, and a receiver for balancing 
purposes, the connections of the oscillator, bridge, and receiver 
being indicated. It is essential that all three units should 
each be perfectly screened themselves, and only short screened 
connecting leads used. 

The bridge is designed to cover measurements over a wide 
range of impedance values, a most essentud feature when 
dealing with any type of aerial system, as will be seen in the 
next chapter. It is of the admittance type, that is to say, 
it is balanced by obtaining equality of admittances between 
the arms of the bridge by the addition of a condenser and 
resistance, in parallel either with the tmhnown reactance or 
with the corresponding balancing arm. 

Since the unknown reactance may be either inductive or 
oapadtative, the condenser will need to be placed in parallel 
with the unknown should this be inductive, but will be put in 
parallel with the variable arm if the unknown is capacitative. 

Having found the values of parallel te&otaxtoe and resistanoe 
which give a balance, these ace converted to the usual series 
equivalents by the formula given on p. 144. 

The bridge is first- balanced with the test terminals on open 
circuit, by the differential condenser Ci, the setting of which 
will vary somewhat for different firequmioies. The imknown 
circuit is then connected to the test terminals, and (having first 
found whether it is inductive or capacitative) the balance point 
is found by adjusting condenser and resistanoes. 

Measurement of Feeder Properties by Resonant 
Circuit. When measurements are being nuMie at very high 
ficeqimndes it usually be found simpler to use resonant 
drcuit methods rather than the bridge metbods employed at 
tdephone ficequendes. This is because, provided that the 
drouit is well arranged, tbe inevitable stray oapacdtiles do little 
more than teduoe the value of tuning capacity needed, whilst 
such stray capacities may be extremely trouUesome in a 
Inidge network. 

A very useful piece of apparatus, therefore, is a lesmumt 
ciireait oonsisiang of a good coil and oondenser together with 
a valve vdtmetw soitabte fiar higlr fiteqoen^ A stalde 
scjreened oscillator is required, havtog suffident oic^^ so 
mily vwy wi^dc oouidiag to the MSqmtnt deouit is ntooMMy. 
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Arrangements should be made so that the circuit may be 
either (a) or (6) in Fig. 85. 

Such a circuit is frequently called an “impedance matcher.” 

A large impedance would be measured by means of (a) and 
a low impedance by means of (6) and would be connected 
across terminals 1-2. The reactance of the apparatus under 
test is found from the change of C necessary in order to re-tune 
when it is inserted. The resistance is foxmd by adjusting B 
until the voltmeter has the same reading for either position of 
8 (tuning to resonance each reading). 

In showing how to deduce feeder attenuation, etc., from 
measurements, it wiU be necessary to use the full telephone 
line equations. Readers not familiar with these are referred 
to Appendix IV where they are set out. 



The characteristic impedance and attenuation constant of a 
feeder can be determined by using a quarter-wavelength of 
the feeder, in the following way. Connect the feeder as ^ in 
Fig. 86 (6) (the fiur-^d being open-circuited) and adjust 
oscyiator frequency slightly until no change of (7 is required 

when 8 is changed. The feeder is now exactly ^ long and the 

impedance placed across the tuned circuit is therefore Z„ — 
Z, al, the value of which can be determined by adjusting 
B. ZThe far end is now short-circuited and Z^ ^termined, 
but the drcuit (a) will be necessary as « Z.coth aland will 

ZmM 

be large. Then 15, *= »JZ^ Z^ and tanh *ol = . The 

Bwa 80 iemeirl» may also be made at haimonio frequmioies where 
atniiiMr oonditiohB wSl hold. 
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Another method for finding a oonsists of measuring the Tol- 
tages at eaoh end of a quarter-wavelength of feeder, open- 
oirouited. 


cosh P(l — x) Sff 

Then ^ — and this becomes sinh al 


s, 


if feeder is an odd quarter-wave long. The voltage at the 
faif end will, in general, be several times greater riian that at 

E, 

the input end and if ^ is less than 0*1 we oau consider 


Ef 

It has been found possible to estimate the conductor and 
dielectric losses separatelj by measurements on a short length 
of feeder. If a short length of open-circuited feeder is placed 
across a very good tuned circuit, then we can assume that tlm 
conductor loss due to the small current which will enter the 
feeder is negligible and that the resistance thrown across the 
tuned circuit (which can be determined by a resonance curve) 
is entirely due to dielectric loss. 

When measuring a series impedance such as r -t- jx, it may 
happen that the most convenient apparatus available will 
measure parallel components and Xp say. If we insert 
a qtuurter-wave feeder between the impedance to be measured 

and the measuring drouit, then t — and x = — ^ , as 

J(p JLp 


shown on page 146. 

Suppose a feeder to be perfectly uniform, that is, its electrical 
properties are quite uniformly distribute along its length. 
If it is now correctly terminated and the “ sendmg-end ” 
impedance measured for a rafoge of ficequendes, this will <be 
found to be constant and equid to the terminating resistance. 
If, however, thme axe irregularities in the electrical propertieB 
due to insulators, bmids, joints, etc., then smding-end 
impedance will have ma.’riniTiTn and mmimiiTw values a4 the 
&Bquen<^ is varied. It is possible, in some oases, to fihd the 
position of the ixi^pilarity fin>m these tests. 

iho. adjusting a complete feeder system sudi as thidi f<» a 
MamoKd array, the “ hnpedanoe midwher** would he 

used hi the folowfog wa.y. 
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We would ooimn«aoe with one aerial pair, inserting the im* 
pedanoe meter in the feeder at the first tnuisformer' box 
(Fig. 70), (transformer and the other branch feeder removed). 
By adjusting aerial tappings.and feeder tappings on the aerial 
coils the correct termination can be obtained. All aerial 
coils are then set to the same adjustments, as the aerials, etc., 
are identical, and, in fact, the adjustments must be exactly 
the same to ensure that all aerials are supplied with current 
in the same phase. The impedance matcher is now removed 
and placed at J and the transformer coil at J i, fitted. By ad- 
justment of the tap on the transformer coil, the Inanohed 
feeders are made to give an' equivalent termination of E,. 
The transformers at J and all others can then all be set to the 
same adjustment, and the impedance matcher is then moved 
back to the next junction box, and so step by step to the trans- 
mitter. 

All these adjustments are made with a low power output 
from the transmitter, but when the impedance matcher (now 
mounted at the transmitter mid of the feeder) indicates that 
the whole system is correct^ terminated, the matcher may be 
Removed and fall power put on the transmitter. By adjusting 
the coupling between transmitter and feeder the full output 
fixim the transmitter is obtained. To obtain a final check 
under full power conditions three ammeters can be connected 
in the feeder, the spacing between the two outer meters being 
somewhat less than half a wavelength. In some installatums 
a length of feeder is, bmit into a U shape in order that aU 
three meters may for convenience be inside the transmitter 
room. It is clear that if all the meters read the same value qf 
current, no stationary wave is left in the line, and the power 
going to the main feeder is l*B,. Care must be taken that 
the meters qre not left in circuit when preliminary adjustnients 
are being made, as any stationary wave set up might bum 
them out. 

Special Precautions in Feeders for Television. In 
most applicaiitms short and ultra-short waves, the modula- 
tjOQ &^uen<^ is « very small percentage of the carrier fice- 
quMuy and ^erefbir^'aay ocdinary resmumt cqrouits^ ooaiding 
ittgaingemiente^^^ leedewi, etc., will -work equally weQ over the 
fioqomiqy tnK^width invdved M tlm traoBmiasi<m. 
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Television fonns a complete exception to this role and 
special caore is necessary in the design of the feeders and aerial 
sjmtem. 

The aerial system will show a considerable change in im- 
pedance over the fiequency band involved. If an approxi- 
mately ^ line is used as transformer to couple aerial to feeder, 

the change in its ^haviour due to its different electrical length 
at the different firequencies can be made to compensate fmr the 
aerial chains and keep the main feeder almost correctly 
terminated for all the sideband frequencies. 

Because of the shorter wavelength, insulator qtacing will 
become important. All irregularities such as angle boxes will 
have to be compensated for by very small condensers at suit- 
able points. 

If the feeder is long, any reflected wave due to mis-matohing 
or feeder irregularities will provide a spurious signal a sufficient 
time after the true signal to give multiple images in the received 
picture. 

Dielectric Wave-Guides. Lord Rayleigh showed, in 
1897, that it should be possible to transmit eleotromi^etio 
, waves through the dieleotrio contained in a hollow conducting 
cyUnder, without the presence of a central ccmductor. 

Such waves are only possible if the diameter of the cylinder 
is of the same ordiex as the wavelength used (with an afr di- 
electric) and hence very high frequencies are neoeasaiy with 
cylinders of practicable dimennons. In, coosequence, experi- 
mental work upmi the subject has only been undertfAen 
serioudy in recent years, whm the necessary sources of very 
hi{^ frequencies have become available. 

Southworth first experimented with water in a cylinder, 
be()ause the greater the dielectric ccmstant, the lower is the 
frequent^ which can be employed. At high frequencies, 
however, the diefectric loss (and hence the attenuatlim) is 
very great, if any dieleotrio c^er than air is used. In recent 
work wavelengths as short as 0*25 cm. have been used. 

Eonr different types of wave have been produced, usually 
Si, and Ht waves, earii i^araoteriBed a 
diffeientdiiiiArilbnrimiof the eie(^ ma^ntie ffel^ la ill 
saMi thsie ii *. of 
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compared with the purely transverse waves propagated abng 
a oonoentrio tube (»ble. 

Consider a source of one of these types of waves placed at 
one end of the wave-guide and a suitable detector placed at 
the other. If the firequency of the source is gradually raised 
from a low value, the response of the detector varies with 
frequency in the same way as a high-pass filter req>onse- 
curve. That is, there is at first no response whatever, then 
at a definite frequency corresponding to the cut-ofi frequency 
of a filter (which is lowest for the Hi type of wave) an output 
is obtained and as the frequency is raised further the req>on8e 
continues to increase because the attenuation becomes less. 

At the very high fiequmioies for which it is practicable to 
use dielectric guides, they produce less attenuation than 
concentric lines would do and are, of course, simpler in their 
construction. It is probable, therefore, that dielectric guides 
will be considerably employed as the very high frequencies 
come more into use. 
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AEBIALS 

In the same way that wireless waves {all naturally into two 
broad divisions, long and short, so aerials fall into two olassas, 
according to whether they are to be used for long or short 
waves. With long waves the length of wire is but a fraction of 
the wavelength, and the aerial must therefore be “ loaded ” 
with inductance until it is equivalent to a quarter wavelength 
aerial. The usual long wave aerial consists of a vertical por^ 
tion which supplies the useful radiation and a fiat portion, or 
“ roof,” the capacity of which serves to increase the current in 
the .vertioal and make its distribution uniform, thereby in- 
creasing the radiation. 

In the case of short waves, however, it is practicable to 
oonstruct an aerial which may be many wavelengths long, and 
it will usually consist of a straight wire. The “ roof " may 
be dispensed with, because if the aerial is a quarter wave or 
more long there will be no difSculty in producing a large 
stationary wave of current without having an tmdue voltage 
at the potential end. One of the advantages of short 
waves is that a small and simple aeri^ will ao(»pt a large 
output from a transmitter and radiate a great proportion of it. 
The short wave aerial is,* therefore, much more efiBicient as a 
generator of eleofroma|^etio waves, even though a good 
proportion of the radiation (how much has not yet been 
determined with any certainty) is wasted in the neighbourhood 
of the aerial, due to earth losses, etc. 

The<tuning of a long wave aerial is a relativdy rimple matter, 

X 

beeause the aorial length will always bemueh less and 

hooee we have only to *'load " it lidth ii^uotanoe to tune to 
my: wavelengtii witiiin. thai long wawe hand. Thus a huge 
“ tiaBdtig range can he ooT«ite4 slfcho]i^, as tibe 
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of the aerial become a smaller and smaller proportion of the 
waveloigth being used, the radiated powmr for a given input 
power will detnease. 

As we shall show later, the tuning of a short wave aerial, 
however, is a more complicated matter, because its behaviour 
is subject to sudden disconcerting changes as the applied 
frequency is changed, and hence considerable difficulty may 
be experienced in " fitting ” the aerial to a drouit unless 
prox>er precautions are taken. 

In general, we have two distinct types of short wave aerials — 
those Which ore designed to give the greatest possible effidency 
at one given wavelength and are not usually suitable for 
covering any wave range, and those which cover a wide wave 
range and sacrifice efficiency to achieve this. 

Distributloii of Current^ etc. Before discussing the 
radiating properties of the various types of aerials, we will 
consider the behaviour of an aerial as a drouit. In particular, 
we require to know the current distribution along it, and its 
impedance measured between the points at which it is to be 
fed (usually between the base and earth). A knowledge of 
this impedance is necessary in order that we may arrange 
suitable coupling for transferring energy to or from the aerial 
when it is coimected to transmitter or receiver. 

Although dectromagnetio waves are produced whenever a 
varying current fiows along a conductor, and certain short 
wave aerial systems do operate by virtue of a travelling 
wave along a correctly terminated wire, radiation is usually 
associated with a system in which stationary waves are present, 
and we will consider ihe operation of aerials working under sudi 
conditions. Li order to radiate at all effidently it is necessary 
that the dimensions of the drouit should be comparable with 
the wavek^ngth', and the simplest method of getting a large 
current into such a drouit is to produce stationaiy waves. 

Radiation is greatest from those parts of a drcuit where the 
varying enrrent is greatest (unless influenced by adjacent con* 
duotors) arid if the length of the system is long compared 
udtii the waveleiigth, several modes of oscillation are possible. 

'Vl^tevdr th^ len^h or form of aerial, it is dear there can 
be nb bundit a)t the end imuote from the earth, but it may be 
possible, by suii^iy aixuiging a drouit betwemi the lower eiid 
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of the aerial and earth, to produce starionary waves such that 
either a voltago or a ourreut node is produced at the lower end. 

Consider a vertioal wire of length I, fed from a generator of 
frequency/, as shown in Fig. 86. If we induce current in it 
such that the wire is approximately one-quarter of the wave- 
Imgth in free space corresponding to /, then by a small variation 
of the length of wire (or of the applied frequency) we shall obtain 
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a resonance at which the current is a maxi miTTn at the base of the 
wire. This resonance point is called the natural wavelength, and 
the disiributitm of current and voltage will be as shown in Fig. 
86a, from which we can observe that the wire b carrying a X/i 
staticHMucy wave. The actual length of the wire is less 
tlun a quarter of tiie waveleugtli, and more nearly X/4‘8, 
because the cafttciiy and inductance are not-unifomi, and lor 
this reason Hie current and volta^ dMaibution is not trnl^ 
sintttc^dai. 
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If, now, we inoiease the length of wiie to X/2 approximately 
(or, with the same wire, doable the applied ftequenoy), another 
resonance point will be found (the natural wavelength of an 
unearthed wire), but this time a voltage antinode occurs at 
the base end of the wire, and the distribution of E and I is as 
showp in Eig. 86b. As before, the exact length of wire to 
give resonance is not equal to *6X, but more nearly '47X, the 
exact figure being largely dependent on the proximity of other 
objects and the method of supporting the free ends. 

A further increase of length to three-quarters of a wavelength 
(or increase of frequency to 3/) shows another resonance with 
maximum current at the base and a distribution of E and I as 
shown in Fig. 86o. In fact a whole series of resonance points 
will be obtained, the tuning at the odd quarter wavelengths 
produdng maximum curreni at the base, and tuning at the 
half wavelengths maximum voUage at the base. Such an 
aerial operating at a multiple frequency is called a harmonic 
aerial, the exact length of aerial in terms of the harmonic 
frequency becoming more nearly the exact theoretical figure 
for the higher harmcmios. 

If the aerial had uniformly distributed inductance and 
capadty and no resistance or radiation, then its behaviour would 
be identical with that of the open-ended feeder discussed in the 
previous chapter, and hence we can get useful approximate 
ideas by applying the feeder analysis to our aerial problem. 

It was shown that the reactance of em open-ended feeder 

was given by _ jlT — 

X = oA ^LC 

where h is the length of feeder, or, in this case, the height of the 
aerial. Maximum current at the foot of the aerial will evidently 
occur when this is zero, that is when 

a being an integer. 

In the case of arisraight 
the vehxdty of lighf ; 



wire in clear surroundings. 


JLO 


c, 
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Hence 


a)A 



as we have already seen to be the case with the assumptions 
made. Professor Howe (" Wireless Year Book,” 1917) finds 


that 


L = 2 ^log,^ — 1 j 10"* henries, 


is a dose approximation for the inductance per cm. of a vertical 
wire near earth and 


< 7 = 



>) 


1 

^ 9X10“ 


farads 


for the capacity per cm., where d is the diameter of wire in 
cms., and h the length, also in cms. 

It is of interest to observe that the characteristio resistance 
of such an aerial will be 


For instance, an aerial 16 metres long, 0-26 cm. diameter, 
will have a characteristio resistanoe of 


/ 3.000 \ 

R„ = 60 ^log, 1 j = 610 ohms. 

If we have a wire of definite length and work out its constants 
as above, then its frequency reactance curve will be as shown 
in Fig. 87, this curve showing the multiple tuning points just 
discussed. Thus at every odd quarter wavelength its reactance 
measured between the base end and earth (in future called 
base reactance) is zero, and (sinoe the aerial has been assumed 
resistance!^) the base resistanoe is zero. For every even 
hamonic the base reslBtanoe is infiniiy and hence any dronit 
used to feed the aerial between the iMuse and earth must be 
capable of impedance variation between wide limits, if it is to 
match the amial. 

For instance, if an aerial is at exactly quarter wave resonanoe 
(or odd multiples of this) whli the applied frequency, tl|ien its 
base reactance is zmo, and a soitahte (wopK^ would be a 
smies tuned circuit of Xj, Uj, which will ahn have neib xeaotuhce, 
as shown in F%. 88a. H tlm aerial is scmiewhere near qumrteii 
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wave resonaaoe, but not exactly in time, then the base circuit 
should also be detuned until the sum of the reactances is rsero, 
that is, vdth the eesumptions made : 

This equation can be solved by plotting the reactance curves 
of the aerial and of the tuning circuit, but the result would be 
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very approximate, doe to the assumptions made i^arding 
the aerial reactance, and in practice the correct adjustment of 
an aerial is easily found by vatyio^ the tuning circuit until 
mftiriiwiiiw ourrent is obtained in the eartii qcmneotion. 

At the |X, X, |X, tuning points, the aerial acts as a j>arallel 
resonant oironit, its base reactance is xeao, but base resistance 
infinity and tin on^tireuit to winch we can ootq>]eit effioiantly 
{Mucalld inductance and oapacify, whose 
lesiiitanee at tesqnai^ is also infinite, the aSrangsinent being 
ihotna in 




172 SHORT WAVE WIRELESS COBfMUHICATION 


la the same way as before, if the aerial is nearly, but not 
quite a half wave (or multiple thereof), the parallel drouit needs 
to be de-tuned. In this case no convenient aerial current reading 
is possible, since at the base end the current is only a small feed 
ounent, and correct adjustment is best found for trans- 
mitting work by observing the load which the aerial puts upon 
the transmitter. 
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We will now consider how reristance modifies the above 
oases. The aerial is not a loss4cee feeder, but if a quarter 
wavelength or more, has a considerable radiation resistanoe as 
weU as losses, which vary with its mode of 08 dllati<m, and its 
jproziinity to earth. 

The aerial disposes o£ energy in Idlowiiig ways : 

(1) Radiation deetromagne^ waves. 

(2) Losses in the earth and due to eddy ouizieiits in 
ne^bpuring ocmduotpcs. 

^3) Losses in aesIM wire arid in ininBlafigin> 




AERIAUS 


178 


Sinoe these losses ore proportioiud to the square of the 
ooiieiit, they can be replaced in our consideration of the aerial 
as a drouit, by an equivident entirely fictitious resistmoe 
located at any convenient point in the aoial. Sinoe, however, 
the aerial is oanying a stationary wave, the value obtained 
for this resistance will vary, being least at current antinodes 
and increasing to high values near the current nodes. 

Vo avoid ambiguity, therefore, it is necessary to specify 
the point at which this effective resistance is placed, the current 
antinode always being chosen. 

Actual values for effective resistance are difficult to calculate 
(or measure) at short wavelengths, but for a quarter wave 
aerial a value of 60 ohms is normal (referred to the current 
antinode at earth, and for a half-wave aerial 160 ohms (referred 
to the current antmode — at centre in this case). 

In the quarter-wave case, since the effective resistance is 
taken at the base of the aerial, the base resistance is also 
about 60 ohms. 

In the half wave case the feed is at the base of the aerial, 
where the voltage is a maximum, whilst the effective resistance 
JS is referred to tiiie centre of the aerial where the current is a 
maximum. Hence the base resistance will not be Ji but some 
hig^mr value. 

We can get at the base resistance of a half-wave aerial 
approximatdy firom the following considerations. Let os try 
to (xmstruot a dosed resonant drouit composed of eoncentrated 
inductance, oapadty and resistance which shall behave in the 
same way as the half wave a«ial having dit/tribvied inductance 
and oapadty. Note that the aerial and die dosed drouit 
will only behave in the same way for the exdot fiequenoy 
which produoes half wave resonance of the aerud. Note also 
that the concentrated inductance and capadfy we are going 
to use in our dosed drouit represent values which could not 
actually be measured in the aerial, the <nily measurable quantify 
bdng die base resistand^ which we are trying to calculate. 

Sttjiqpose that the dosed drouit carries in all its parts & 
onneot 1 equal to die maxipnan current in the aoial— that is, 
dbe current at die piditre. If the aerial (of height k tons.} 
l^ui a; uififi»^y distributed kiduotanoe of L per cm., then its 
total effeotfye indnotance woidd be lA, if it carried the 
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ourrent I throughout. To allow for the aotual distribution we 

2 

should use the mean value of the ourrent which is — (for a 

TT 


half-sine wave) and henoe the total effeotiTe inductance L, is 




ItKf 


FiacBB 89. 



Lh. - and this is the value of the 

X 

inductance in our equivalent olSsed 
ch circuit, as shown in Fig. 89. 

^ Deahng with the capacity of the 
aerial in a similar way, we shall 
need in this case to consider the two 
quarter-waves separately, because 
the voltages are of opposite sign. If 


0 is the capacity per unit length, 


— would be the effective 
2 


Ch 2 

capacity if the voltage was uniform but - if the voltage 

Z TT 


is distributed in a quarter-sine wave. The two quarter waves 
are in series and therefore the total effective oajMtoity C, is 
Oh 

2x 

The half-wave aerial is at earth potential at its centre point 
and, therefore, the base impedance is really measured between 
one md and the centre of the aerial, and the arrangement of 
the equivalent drouit is as shown. It is seen to be a parallel 
resonant drcnit, tapped half way down and its equivalent 
resistance at resonance is therefore 




O)* Zl,* 


Since L, 0, * 1, this may be written g , or in terms of 
LandC, 
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If we take aa an example a half wave aerial 1600 oms. high 
and of 0'26 om. diameter, then, from the formnlse on p. 170, 


^ = 4 (log, — 1^ X 9 X 10» = 268,000 


and if E is 160 ohms then the base resistance, 


L 

CB 


1,600 


ohms. 

It will be seen that an increase in the diameter of wire used 
will decrease L and increase C. It is reasonable to assume B 
to be unaffected by the change because B is mainly radiation 
resistance (on short waves) and the conductor resistance will 
have negligible effect. 

In consequence, the base resistance decreases if the wire 
diameter is increased, but the effect is not very marked unless 
a cage aerial or tubular conductor is employed. For instance, 
doubling the diameter in the example given would only reduce 
B, to 1,300 ohms, but for a tube of 2 oms. diameter B^ would 
become 896 ohms. 

Further, the Q value of the equivalent circuit is reduced if 
L is reduced, and this means that the frequency /response 
curve is broader, or the aerial oonsideied as a tuned circuit is 
less selective. 

This feature is useful in television aerial design. Thus 
the Alexandra Palace aerials consist of frimigular cages of 
16 inch sides, and for television reception it is common practice 
to use a tubular half-wave aerial which is good both ficom an 
electrical and' mechanical point of view. 

Thus, in the case of an aerial having resistive loading due 
to radiation and losses, the value of impedmioe varies over 
extremely 'wide limits as the frequency is changed (see Fig. ' 
87), and R can be seen that to tune an aerial to wavelengtbs 
betwem the natural resonance points necessitates not merely 
the alteration of reactance of tuning circuit, but an essential 
altera'tskm of tiie l^rpe of coupling drouit. 

In the case whm one 'wavelengdi only is required, 'we do 
not need to hate a variaUe tuning oironit. An alternative 
method of frwdinjg' tire aerial can be arranged, ther^nei 
namtiy tiaini^' a lengtii wire (oall^ a ti^) and a coil, 
aa t^nwn hr 1^. 90a. Fm* if the oorve of lE^. 87 be reiforred 
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to, it is clear than an aerial longer than 


has a cafMMntive reactance between its base and earth, and 
thus between these limits, an inductive loading will re- 
quited to tune to resonance. 

The conditions very near the half wave point are so influenced 
by high base resistance, that it is found very difSoult to tune 

an aerial only just a fracrion longnr 



b 



FtavKS 90. 


than - by inductive loading, and it 

is customary to add a tail between 
the aerial proper and the loading coil, 
as shown in Fig. 90a; ciu^ 90b 
shows the stationary wave on anial 
tail and coil, the current in the latter 
being uniform. This tail should be 
carried horizontal to earth and 
preferably doubled back on itself 
so as to reduce radiation therefrom, 
and its length shoidd not be less 

than ^ or more than If the tail 

is too short it is difficult to tune as 
previously explained, whereas if it is 
too long, the base current is higher, 
more radiation from the tail is 
experienced, and earth losses are 
greater. 

Radiation from an AeriaL The 


radiation from the simplest radiates 
— the dipole — has already been discussed in CSiapter IV. 

Actual aerials are not dipoles because thrir dimenawme are 
(XHnparable with the wavelength radiated and the current in 
Hte Various parts is not uniform. In the long-wave case, 
where the aerial is usually only a fraction edf tite wavelength, 
tile dipole equations may he used in obtaining field sfrmgUiB 
at a distance by inserting an equivalent hri^ to allow foot 
tile tnnrent dhtMbution. Such a meti;^ is not appflbaMe to 
the short-wave aerial, however, sinoe it may be more than a 
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waveloDgUii hi^, irill have a much le88tmi£arm oanaat distxibu- 
ticm and will not have a polar diagram of cosine form. It will 
be necessary to treat the actual aerial as built up of a number 
of elementary lengths each having a cosine polar diagram and 



carrying ourreata appropriate to their position in the aeriaL 
The i^eot <3i the eaith wiQ be allowed tax by ah image 
aco^ dtoo i^t np^hito elmnents presumed to be carrying 
eorrents magidtude and j^baae depoodent tq>on earth 
emwtimts, in the whf discussed hi tltapter lY* 
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For example, the zenithal polar diagram for a half wave 


aerial just above a perfectly conducting earth is shown in 

MFirwT W \ “ 

nuiani ■ seen to be much sharper 



than that of a dipole. 

From this polar dia- 
gram a value for the 
radiation resistance has 
been deduced by Ballan- 
tine using the method 
explained on page 177, 
and a value of 104 ohms 


obtained. By the same 


method the radiation 


HEIGHT - 'Tj X 



b’ 


resistance of a quarter- 
wave aerial with its 
lower end earthed, can 
be worked out and is 
found to be 36*6 ohms. 
Diagrams for a half wave 
aerial at various heights 
above a perfectly con- 
ducting earth are shown 
by the dotted curves in 
Fig. 92. 


These results assume a 



sinusoidal distribution of 
current which is every- 
where in the same time 
phase — that is, a perfect 
stationary wave, where- 
as, since energy is being 
radiated, the actual 
current must be a com- 
bination of a station- 



Fracsa 92. 


ary wave and a travM- 
lii^, eneojgy - ctmveying 
wave. 


Effect of Imperfectly Conducting Bartii on Zenltlikl 
Polar Diagram of Aerial. If the finite ciadaotfetiy and 
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dielectrio oonstaixt of the earth is taken into account, the polar 
diagram £oc a given aerial is dependent upon fiequency. The 
polar diagram, since it is dependent on the “ image ” theory 
which assumes optical reflection at the earth’s surface, does 
not take account of the “ surfoce wave.” In othm: words, 
the diagram is reaUy only approximate for great distances 
and igimres energy transmitted along the earth’s surface, this 
being quickly absorbed in the case of short waves. 

The polar diagram for. a half-wave vertical aerial radiating 
a 22 metre wave and situated just above the surface of earth 
having likely valura of conductivity and dielectrio constant, 
has been calculated and is shown by curve B in lig. 91, where 
it is compared with the polar diagram when the earth is 
perfectly conducting. It will be seen that whereas the diagram, 
when the earth is considered to be perfectly conducting, has 
its maximum value in a horizontal direction, when likely earth 
constants are assumed there is no horizontal radiation at the 
wavelength considered. 

The radiation resistance of an aerial producing a polar 
diagram such as curve B, can be found by comparing the area 
of curve B with the area of curve A siace the radiation lesist- 
anoe in the latter case is known to be 104 ohms, and the polar 
diagrams are the same in all horizontal directions. Note 
that a diroct comparison of polar diagram areas does not give 
a correct result because the field strength at a low angle on 
the surface of the hemisphere is the same over a zone having 
considerable area whilst the field strength at a high an^ 
only exists over a zone of small radios. When this difference 
of area has been allowed for the method shows the radiation 
resistance to be 31 ohms whilst the total effective resistance 
of such an aerial has bden meakued experimentally and found 
to be aboint 166 ohms so that its effidenoy for long distance 
communication is about 18%. ' 

Much of the energy which appears to have been lost is 
probably radiated in the surface wave and theory and expen- 
ment ag^ that raising the aerial greatiy improves the 
^dfency. 

it has already , been explahmd that approximate polar 
fha^pnms (^. ve^oal short-wave aeriais are best obtained by 
iKmsidiariDg the image aerial to earry an eqwd current in anti- 
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phase for the lower angles of elevation and an equal ourrent 
in-phase for the higher angles. 

Curves for half wave aerials are shown in Fig. 92, in which 
the full curves axe for an anti-phase image and dotted curves 
fo> an in-phase image. 

It should be dearly understood that on short waves a state- 
ment of the radiation resistance of an aerial is not suffident 
to enable the merits of the aerial for a given purpose to be 
assessed. Much more knowledge of -its usefulness for a given 
purpose can be derived from a study of its polar diagram. 



Zenithal Diagram of Harmonic Aerials. We can get 
increased hdght merely by making the wire longer and having 
a number of half-waves <m it fonning a harmcmic aerial, but if 
we do this we get increased high angle radiation, whOst the 
radiation from the various half-waves will canod 'out at low 
angles, because adjacent half-wa^ are in phase oiqKMitiooi 
The zenithal polar diagram of a four wavelength, harmonio 
aerial is diown in Fig. 93. But it has already been pointed 
out (in Chapter V) that it is of condderahte advantage whm 
transmhiting to o<moentrate the energy radiated into a i^uop 
** beam ” at a low an^ because we have only a definite amount 
c$ energy available apd must use it in the moat effective wajr. 
When reodvixg it is equally important to USe an amlal to 
receive over onlp a small sector having a «ma^ ang^ to earto. 
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to avoid multiple ' efieots. Thus to get increased height 
effectively and yet obtain concentration of field at low zenithal 
an|^ necessitates a special type of aerial. 

Tiered Aerials. To gain this object C. S. Franklin 
developed the tiered aerial, earlier types suppressing the alter- 
nate half-wave radiation, and later types using the alternate 
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half-wave portions to assist in producing radiation in the re- 
quired direction. 

Franklin’s first tiered aerial (1922) comprised a series of 
half-wave aerials with ooniding candensers betwemi each, as 
shown in Fig. S4a, thjs small capacity between tibe ends of the 
wires beiii^ sufiSufient to transfer mieigy at the very short waves 
used, n^ 'ldlowed the fdiasing-ooil type in various forms 
whose diape was detigaed ’'to ormoentrate alternate half 
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wavelength portions of the wire within a small space so.that 
there is praotioally no radiatimi from them portions/* to quote 
from the Patent Specification. Some of these types are shown 
in Jigs. 94b, 94o, 94d, and on two of them is shown the form 
of staticmaiy waves produced. In praciice the proportions of 
wire lengths are not half-waves, but empirical rules have been 
found to give the best results. The length of wire below the 
lowest phasing unit is extended beyond a half wavelength 
by a tail of such value that it makes the whole aerial capaoitative 
in reactance in order to make it suitable for fitting to a quarter- 
wave tuning cdl. 

Although such types of aerial marked a great advance in 
the efficiency of short wave aerials, they were not ideal as the 
abrupt change of characteristic from open aerial to “ lumped ” 
inductance-capacity caused refiections at the various points, 
and resulted in a reduction of radiation from the top portion 
of the system, this being undesirable. To overcome these 
defects, the present uniform aerial was produced. 

Franklin Uniform Aerial. In order to get the greatest 
possible conc^tration of radiation at a low zenithal angle 
with a given total height of aerial, the ideal arrangement is 
a vertical wire carrying a tmiform current in’ the same phase. 
Ah aerial approximating to the ideal can be made in a variety 
of ways, one type being indicated in Jig. 95, which shows thfit 
each successive half-wave 'wire is folded back on itself in such 
a manner that the radiation from its central part assists 
radiation from adjacent wires. The radiation from tire tips 
of the phasing wire cancds the radiation from 'the tips of the 
adjaomit wires, but since it is the sections carrying the maxi- 
mum current which are chiefly productive ot radiation, the 
elimination of radiation from tiie ends does not matter. By 
such means we attain almost to tie ideal of a uniform currmt 
amial as indicated in the figure, and thus utilise tiie available 
hmght in the most eocmomic manner posdbte. 

Tbe increase in the number of wav^ngths of wire for a 
linear extensian of amial 1^ such Moing results in tii.e 
power radiated (and of course the power d^wn* ficom tte 
txansmitter) being greednr Ibr the sahw ourrent than in tiie 
caae of a htif-wave eetial. 

II we have his^ masts and caily a giwm imooimt of power 
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available, it may be more advantageous to oonoentrate this in 
a few aerials well away from earth rather than in more aerials, 
some of which are close to earth. This can be done by using 
a length of single wire feeder of a nearly non- 
radiating type between the feeder proper and / \ A 

aerial. A type used by Franklin is shown in / '\J 

Fig. 96, and consists of a wire bent back on ' / 

itself in such a way that in the aggregate \ _ I / 

the radiation is mainly cancelled. t ]( 

Vertical Polar Diagrams of Tiered / A 
Aerials. We can determine approximately ! y I / 

the vertical polar diagrams of a 'sjrstem of \|p V 

tiered aerials by the following method, which < / \ 

assumes the aerial to carry a uniform current i i A 

of the same phase throughout its length. i 

The effect of the earth is taten into account j \ I ^ ' 

by an image aerial of opposite phase, since \ I / 
we are mainly interested in the low an^ JT-) A 
radiation. j ~ / 'u 

Consider a vertical aerial of length i»nX 11 

(Fig. 96a) with a corresponding image aerial \ \ j 

as shown. If we imagine the aerial to be \ ^ 

divided into elementary lengths of aerials ^ \ 

all carrying a uniform current, then the field j 

produced at a point P, distant from 0, at ^ f 
any angle from the ground, will be deter- > 

mined by the vector sum of the individual ^ i 

fields. If the field due to one element be ^ \ 

E, and there axe z elements, we have to sum IS V 

up X vectors, each of which is sli^tly out of 

phase with the preceding one, because the ^ 

distance between each element and P is not Rwwa 96. 

the same. The«e vectors form approximately 

the axo of a drdle A'P', as shown in Fig. 96b, the chord being 

the resultant, the shape of this arc depending upon the angle 

bring emsideied aipd the aerial length. 

Kbw since Hie Arc fo the arithmetic suin (d the firids its 

length fo owistant l!f»y tmity) and hmoe the ratio 

det^nnihes the relative firid at any given direction. Cotisider 
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Fig. 96b. The phaae angle between the first and last yeotor 
equals ^ radians, the angle at the centre of the circle subtended 
by the arc. The ratio 

. ^ 

, , sm 

chord _ 2 

arc (ft 
2 

Hence, if we find the phase difference between the first and 
last elements of the aerial in terms of the zenithal an^e B we 
can obtain the relative field strengths from the above expression. 

The extra distance to be covered by the wave from the lowest 
element is OC (Fig. 96a). If this distance is X, the phase 
difference would be 2^* radians, hence the actual phase difference 
^ is given by 



or ^ =5 — nX sin d 
X 

27r » sin d 

So far we have considered only the aerial, but we must now 
allow for the effect of the image. As explained previously, 
we can take into account the effect of the earth by, assuming 
an image aerial carrying a current in phase opposition to that 
in the actual aerial when we wish to obtain an apjuoximate 
diagram of low angle radiation and one carrying a current in 
phase for high angle radiation. The in-phase case merdy 
reqmres that the length of the aerial be taken as twice its 
actual length. 

If the image oscillates in opposite phase, adjacent vectors at O 
(the earth) are exaotiy in anti-phase and a similar but reverse 
arc of vectors for the image is obtained as shown in Fig. 96o, 
the resultant vector being A'JB'. 

Draw (/X tangmtial to O'A' to out the line It will 

buect A*jy at right and O'X wiU also be at tight eagles 
to tinoe {yjf is the radius of the oirole arid O'Z the tangent. 

Since ap^A VO'X is a right an^ and the ar^ N0*A is 

equivalmit to v/8 — ^/2, the aa|^ A'(yx equals ^ Now 
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A'X s= A*0' sin ^/2, therefore A'ff — 2A*0' sin But 

2 

. S 
sm r 
2 

A*0' is the chord and equals ■ (since the arc is assumed of 

2 

unit length). 


2 sin^ 


Thus A'B' = — — sin t 

^ 2 


2 sin* ^ 
2 


2 


The maximum possible field strength at P is, however, twice 
that due to the aerial alone, owing to the image. Also we have 
not, so far, allowed for the fact that the radiation from each 
element of the aerial will follow a cosine law in the vertical 
plane. Allowing for these facts we have 


Actual field strength at P 
Max. possible field str^gth 



t 


cos 6 


2 


where the relationship between ^ and 0 has been shown to be 
^ ss 27 » sin d. 

As it is usually more odlivenient to work in degrees than 
radians, the above formula should be modified thus : 


Actual field strength at P 
Max. possible field strength 

where f and 6 are measured in degrees. 

We have alr^y noticed that an aerial cannot cany a pore 
stationaxy ' wa^, sinoe there is energy radiated along its 
Imiigth. When several half-wave aerials are in series, as in 
the tiered aerial, thm there mut^ be a (xmsiderable tzavalling 


sin* t 


<!> 

2 


-. cos 0 
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wave ffliteriog the aerial at its foot in order to supply energy 
to aD the sections, so that at the foot of the a^ial the travelling 
wave is a considerable component of the resultant, whilst 
near the top it is negligible. 

In consequeuce of this the maximum radiation from a tiered 
aerial is not perpendicular to its length, even if earth effects 
are neglected, and the actual tilt of the main lobe of the polar 
diagram is dependent upon the frequency supplied to the aerial. 

The effect is specially marked in the Franklin uniform 
aerial where, by altering the applied frequency (or, alternatively, 
changing somewhat the lengths of the various portions of the 
aerial), the main radiation can be varied in direction con- 
siderably. Some experimental results indicated that a 6% 
wavelength change could swing the an^e nearly 10°. 

’ Horizontal Aerials. So far we have considered only 
vertical aerials, but horizontal aerials are also greatly used. 
They are usually fed through an imearthed feeder of the 
parallel wire type, either designed for high effidency at a spot 
wavelength, or for moderate effidency over a band of wave- 
lengths, and a variety of simple arrangements is possible. 

Thus Fig. 97a shows a horizontal half-wave aerial whose 
actual length I, as explained on page 169, will be less than |\, 
usually ■47X to *476X, fed from a twin feeder connected to 
points Xr on the aerial sudi that a correct feeder termination 
is obtained. The correct distance XY depends on the charac- 
teristic resistance of the feeder used and on the height of the 
amial above earth. If a 600 ohm fe^r is employed and the 
distance of the aerial above earth is ^X or more, XY= ■126X, 
whereas if the aerial is nearer earth, say fX, XY <= -IX for the 
same feeder. It should be observed that the depth of the 
bi^t between the aerial and the oommenc^ent of the parallel 
wire feeder ptopex has an influence on the tapping position 
XY and a length of bight *16X will be found correct for the 
dimensions prevfeusly given. 

In the case of a transmitting amial the feeder trixes are run 
paiallal (two H-gauge wirra separated 6' giving 600 ohms 
is a oomnwn djinengion), but with feeders for receiving work 
it is most desirable^ use a ti»nsposed feeder, dithm; by trsms- 
poshig tiw hadividt^ every 2 metres, or by using 

a itiriated flezil:^ wire. An e<piaUy important precaution is 
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to make sure tihat the ’wires ran are exactly the same length, 
both toese measores being desirable in order to pre'vent on* 
wanted pick-up ” on the feeder. 

Such an aerial is highly efficient at wavelengths near the 
natural tune of the horizontal wire, but the efficiency falls away 
rapidly on either side of the tune. Since the feeder is correctly 
terminated its length is not important. 

An alternative “ general purpose ” arrangemmit, usually only 
used for receivers, is shown in Fig. 97b. In this case the 
overall length of horizontal aerial, that is 21, + will be made 
approximately equal to one-half of the most important wave- 
length 'within the band it is desired to cover, and the dimen- 
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sions of such an arrangement 'will be as follows : 2 

; the connecting piece inserted at .3X ; and the length 
of ffieder 1 , must not be longer than imoessary, sinoe it is for 
the most part incorreotly terminated, but it should be dimen- 
sioned such that it is ’6X or 1‘OX if tapped into a parallel 
resonant drcuit at .the base ; or ‘25X, or •75X if tapped into a 
series circuit at the base. 

Such a “ general purpose ” amrial may be r^farded as 
operating as arrangement (a) on and ztear the optimum wave- 
length, but* at longer waves the feeder is not terminated, 
but now assists in the reception and in ooosequenoe the 
kngth of the feeder will detmmine the pecfotmanoe of the 
aerial as a whole. Thus we can tog^rd awiid as nude 
up of two paralld amiids of length i{ azd whose nations 
natmnl lescnanoe wavekmilths can be found as itoilioaa^ 
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indicated, and knowing these we can determine the type of 
oirooit required to match the aerial. Because there axe two 
down leads, vertically polarised interference will be eliminated, 
and in consequence such an aerial will give a somewhat better 
signal/noise ratio than a simple vertical wire. 

In cases where a simple directive aerial is desired, it is possi* 
ble to use arrangement 97b, but increase the length of each 
limb of the aerial to ^X. In this case the end of feeder will 
not be fanned out but run parallel right up to the aerial con- 
nections, which are each now end (see page 192). Sinoe 
the feeder line is now not correctly terminated even at the 
optimum wavelength of the aerial system, the length of feeder 
must be designed correctly to fit the type of terminating 
circuit at the base, as indicated on page 188. * 

Radiation from Horizontal Aerials. If the effect 
of the earth is ne^eoted altogether, the polar diagram of a 
horizontal dipole is the same as for a vertical one, but turned 
through a right an^e so that the zenithal polar diagram 
becomes the horizontal diagram and vice versa. The polar 
diagram in a horizontal plane through the dipole is therefore 
a “ figure of eight ” and the dipole is seen to be directional. 

We have already noted that the electric and magnetic fields 
radiated from a dipole are perpendicular to each othmr and both 
perpendicular to the direction of propagation. It follows 
that a vertical dipole radiates vertically polarised waves in ail 
horizontal directions but the radiation in directions making 
an angle with the horizontal contains both vertically and 
horizontally polarised components. 

If the dipole is now turned through a right ang^e it will be 
seen that the horizontal radiation in a direction normal to the 
ariH of the dipole will be horizontally pdarised but that the 
horizontal radiation in other directions wiU contain both 
hcHcizontal and vertical components. 

Let UB now coi&der the effect of placing a hmizontal dipole 
a short distance above a prafectly conducting eartii. The 
propagatkm of horizontally polarised waves along the surface 
of such an earth wenldoot be possible beoanse it would invdve 
difieKOaoes pf pote^itial over a perfert condurtor tince the 
tdertii;io fieM S«lcly curreiitB w«n;^ be produced, 

^ fidd from wh|«h caned out the migind 
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field. For usual values of the earth’s oonduotivity the horizon* 
tal radiation is very small and the zenithal polar diagram for a 
given aerial position relative to earth is less dependent upon 
the earth’s constants than in the case of a vertical aerial. 




e- 
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Fioubb 98.-— Eaeth Cohstakts. 

Fed eet Oondnotiyity a « oo 

Aremge Earth / ® 

Ourrea am deduced aasuming mathematical 
dipole at height h above the earth as MWted. 

A % - -SfiX B h - SOX 

0 k m -tSOK D A - -TSX 

E * = -WX F A - l-OX 


The polar diagram at distances large compared with the 
hd^t above the earl^ may be found by the image 
previously diaoussed £» vwtioai aerials, but in the oase of the 
hmiztmtal aerial we. must levaree the senie of imAge mmsiA 
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98 agaiiut that used for a -vertical aerial o-ver a aiinilar earth, 
as has been explained in Chapter IV. 

Figure 98 shows a series of zenithal polar curves calculated 
for a “ mathematical dipole ” at different heights above a perfect 
and imperfect earth -whose values of tr and /c are as mdicated 
m the figure. From these curves it is very evident that as 
one is chiefiy mterested in low ao^e radiation there is consider- 
able advantage in raising an aerial a half wavelength above earth 
and that very little additional advantage will be gamed by 
raising it above ; imless the aerial can be raised to a height of 
at least one -wa-velength or more. Aerials raised between a 
half and one -wa-velength above earth have, as can be seen, 
strong radiating properties at high zenithal angles. An 
interesting feature is that neither the earth conducti-vity nor 
the wa-velength ha-ve a vast infiuence on the shape of the polar 
curves. Although these curves are calculated for an idealised 
dipole they are substantially true for the ordinary half wave 
type of horizontal aerial. 

It is known that whether waves are radiated from horizontal 
or vertical aerials, ^ey are usually droularly polarised when 
they leave the ionosphere, hence, at distances beyond the skip 
area, either type of aerial may be used for receptbn from a 
taransmitting aerial of either type. One type of fading is 
produced by changing polarisation and can be partially over- 
come by summing up the E.M.F.’b reoei-ved on two aerials, 
one vertical and one horizontid, for tests made show that 
interference fading on a horizontal aerial is often opposite 
to that on a vertical aerial near it, and receiving from the 
same station. Generally a horizontal aerial provides a better 
signal/noise ratio than a vertical because certain eleotrioal 
apparatus, such as ignition systmns or sparking commutators 
on machines, produce highly damped E.M, -waves of high 
freq\ienoy, which appeaur to be vertically polarised. 

Tlie Zeppelin AeriaL A form of feeder-aerial com- 
bination popular with amateurs but not much used by oom- 
meroial organisations is as shown in Fig. 99, termed the 
Zej^wlin ao^ It will be seen to ooosiBt of an aerial one half 
wavdesgth kmg (or a multiple titmeof) and a parallel wire 
fbeder, one liiiil) of whioh is oouneoted to one end of tim 
aerial* 
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Smoe the aerial is fed at a voltage antinode, a feeder must 
be provided of the ooneot length to produce the voltage anti- 
node at its fer end ; it is dear that a feeder of any length may 
be Used, although it is highly desirable to keep it as short as 
possible consistent -with the height of aerial, provided the groimd 
or feed end be terminated by the correct tuning system to 
produce stationary waves as required. 

If the curve “O,” Fig. 68, page 137, be referred to, we 
can determine the type of circuit necessary at the feed end. 
For instance if a feeder just less than one quarter wavelength 
is used, the feed end will be capacitative and of small value. 



and a small coil coupling will suffice. Actually, series tuning 
condensers can be provided so that this can be adjusted to 
give TWftvimiim current in the feeder at this end. If a feeder 
nearly one half-wavelength long be used, since the feed end is 
now of high impedance, a parallel feed circuit will be required, 
the current in the feeder now being very small for optimum 
adjustinents. 

Thus in setting up a feeder and anial of this type, having 
a knowledge the Imigtii of the feeder in terms of the wave* 
length, we can decide c^y upon the type of feed ciromt to be 
used. It should be obserred that a fesder opecatad 

under such ocmditionB will tend to radiate, but the radiation 
can be minimked by balancing the omxent in the two wires to 
ezaet equality. Thk pdnt has previoosly bew mentimied. 
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Single Wire Feeder. It is possible to feed a half-wave 
aerial through a single wire feeder and so adjust the position 
of the tap that the ouixent in the feed wire is feee from 
stationary waves. Consider a half-wave aerial as shown in 
100, on which is shown stationary waves of ourzent 
and voltt^. Consider the impedance between any point 
A on the aerial and earth. We can regard two drooits as 
connected to the point A. Ah open-drcuited wire AJS (rather 
less than quarter wavelength in the case shown) ; and a second 
open-circuited wire AC (the same amount greater than one 
quarter wavelength). If now the reactance curves mi page 171 
are consulted, it will be observed that wherever the point A 
be chosen the reactance of the 
length AB is always equal and 
opposite to that of the length 
AO, referred to the point A. 

If the tap is near the centre, 
these reactances are small wd 
as the point A is moved away 
from the centre, the reactances 
rise to large values, but at all 
points the effective reactance 
is zero, and thus we are always 
“ looking into ” a resistive cir- 
cuit wherever the point A be 
placed. The values of this effective resistance are low at the 
centre and rise to Ihe high values associated with the base 
resistance of a half-wave aerial at the end. 

In feeding an aerial through a single wire feeder, provided 
the feeder is tapped at such a point along the aerial that it is 
“ looking into ” a resistanoe equal to its own surge resistanoe, 
the feeder termination is correct and no stationary waves are 
juresmt in the feed wire. 

As shown in a previous section a vertical wire of normal 
dimensions near earth has a diaraoteristio resistaQce of about 
fiOO phtwii and thus the point ** A ** will be chosen to match 
tibia. A point about •037\ jdong the aerial either aide of the 
omstre wiH be found to be nearly correct. 

It ia evident tibid* th«e wiU be radiation from tiw siqg^ 
wire feeder, but if the tapph^ point has been correctly adjusted 
■ ' a ' ' ' 
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to eliminate stationary waves, the oiment in the feeder will be 
much less than in the centre of the aerial and hence the greater 
part of the radiation takes place from the aerial, as desired. 
The adjustment of the tapping point to eliminate stationary 
waves is very cadtical and it will be realised that mal-adjust- 
ment is -more serious than with the Zeppelin aerial because 
of the radiation from the feeder that results. 

Aerial Matching by a Reactive Stub. We have seen 
in a previous chapter that, where possible, it is highly desirable 
to match feeder systems to output circuits, not only to avoid 
increased losses in the system but also to prevent radiation 



from the feeder itself. This can be done either by using 
matching circuits of the type described in Chapter VI ac by 
the use of what are called “ matching stubs.” 

From Chapter VI it was made dear that the input impedance 
of a length of short-cirouited (or open-drouited) feeder will 
have a pure reactance of value 'dependent uptm its Imigth. 
It is, therdbre, possible by means of such a stub feeder length 
to balance out the reactance of a mis-terminated feeder by 
phdng the stub at a suitable point akmg the feeder, pie- 
fnably as close to the traminatbn as possible. 

Condder a feeder of characteiisiio impedance terminated 
at AS by a complete impedance Z oi M,+ jX as simwn in F%. 
101. j^oeth 0 termiiiatkmi 8 lno(»cieot,astatimiacy w^ 
will bb pmnnt which may talrn the Isrm* say, as indieated. 
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If we examine the oonditiona along the line from the tennina- 
tbn towards the input we could consider the problem as if we 
had a feeder of a different length terminated by pure resistance 
at those points where the stationary wave current values are 
a maximum and a Tninimuin, the equivdent pure lesistanoe 
value Bi at the current maxima points being lower in value 
than JS, and the resistance value JB, at current winiTnn. points 
being higher than B,. The amount by which the load im- 
pedance departs from the correct terminating value is shown 
up by the extent to which the ratio of currents and 
differs from unity. Since at the current-maximum point the 
equivalent resistance B^ is lower than B, and at the currmxt- 


Z 
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minimum point higher, it is dear that at some point XY or 
X'T' between, we are looking into an impedance which 
consists of a resistance of jB, t(^ther with a reactance of some 
tmknown vatne. If one of these points can be found, then by 
placing a(«oss the line at that point a pure reactance of the 
same value as the unknown but of opposite s^n, we shall 
obtain a netwxffk such that the feeder will now be “ lo<ddng 
into ” a oironit of equivalent resistance and stationary troves 
will be diminated <m the line from the input up to this pcont. 

Matching drouits using stub lines axe shown in Figs. 102a and 
102b, wbace the length of stub connected aeross the points 
XY (or X'Y') isazranged to cancel the reactanoe toe araial, 
togetoer wito toe itogth of feeder between toe stub and aerial, 
so that toe audn fbeder lodu into a pure tesirtanoe of B„ 
etjoMl to Rs daraoteristio impedance. 
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The ohoioe of stub, that is, whether of the shorted or open- 
oirouited variety, is dependent to some extent upon the 
position of the stub relative to the terminal and the length of 
the stub itself. For most oases the shorted stub is more 
desirable than the open-oirouited, because it is earier to adjust, 
and the centre of it, which is at low potential, can be anchored 
to earth if necessary or supported by a mechanical structure 
which does not affect its electrical properties. If, however, 
it is found that the length of short-circuited stub required for 
balancing requirements is less than about ’1 of a wavelength, 
it will not be used and the open-circuited stub is to be prefened. 
This is because a very short stub can hardly be regarded as a 
transmission line system. When installing open-circuited 
stubs, however, it is found that the holding insulators have 
a considerable influence on the stub length and because 
open-circuited units are at high voltage, insulator break- 
downs are liable to occur with lai^ powers unless adequate 
precautions are takoi. 

The correct position of the stub and its length can be 
obtained theoretically from the equations developed in C3iapter 
VI, but a graphical solution has been given in a series of curves 
first derived by Sterba and Feldman. A simpler modification 
of these is given in Fig. 103. 

With these curves it is only necessary to measure the relative 
values of and and their positions from the load in 
order to determine directly from the curves: firstly, the 
position of either a short-circuited w qpen-drcuited stub in 
relation to a current minimum ; secondly, the lengUi of stub 
required. 

In practice it is always desirable to work from a current- 
minimum position as can be seen by studying the shape of the 
stationary wave system along the line where it is observed 
that the rate of change of current about a minimum point is 
mndi sharper than about a maximum point. 

Ihe method of usirtg the curves can best be shown by an 
example. 

EXAamji.--Uon 8 u] 0 r a Imgth of feeder terminated by an 
in^edanoe such that a stationaiy-wave system is set up as 
shown in Fig. 101. That is, lOBSSBnmmit by mmm vi a 
sliding meter indicates that th^ is a ein»eot<ma^^ 
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Figttsx 103 . 
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5 metres from the load, of value 1 '0 A and an adjacent ouiient* 
minimum x>oint 11 metres from the load of value sO*4A, 


the wavelength being 24 metres, the ratio 


0-4. 


From curve A Fig. 103 it is fomd that with this ratio the 
stub length must be placed at a distance of 0'16X from a 
current minimiun, i.e. either at position 1 or 2. 

If a short-circuited stub is selected, this distance must be 
measured away frum the load towards the input, whilst if the 
stub is to be open-circuited, the distance will be measiured 
towards the load. 

From curve B we find the length of a shorted stub to be 
0‘13X and it could be placed at position 1. In this example. 


however, 1 is more than - from the load and the stub will be 

2 


equally effective if placed at 3 — ^whichis r from 1. Position 3 

2 

is evidently the better, because there is then a shorter length of 
feeder carrying a stationary wave. 

Curve C shows that the length of an open-circuited stub 
will be 0*12X, and we know this must be placed away from 
the input, namely at position 2. 

Coupling to an Unbalanced Aerial Load. Although 
normally such a terminating cirouit as has been described 
will be used for a parallel wire feed to a balanoed aerial system, 
such fm instance as a stacked di-pole array, it is possible to 
adapt it for use with mi unbalanced vertical aerial taken 
direct from one side of the feeder. Fig. 104 giving one possiUe 
form of circuit. The length of wire AB, one end of which is 
connected to A, the base of the aerial, is half a wavelength 
long, so that it reflects an equal reactance at Ihe point B, but 
in opposite phase, and thus tibe feeder may be regarded as 
looking into a bakmced complex impedance. There will, of 
course, be stationaiy waves on this wire length as well as on 
the stub and feeder end. 

Some Points in Design and Use of Aerials. Bkiough 
has been said to diow that aerials dioidd be designed fee 
wavdength at which it fe desired to wark, but this hi, however, 
not always possilde and ^denoy may have to be sacrificed 
to jffiaotioal oonvmienoe. A marine transm^itar or reotiver, 
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for example, 11011 haye to work over a large range of wave- 
lengths and we oannot rig up a special aerial for every wave 
and may even have to work on the ship’s long-wave aerial. 
For reception, the aerial may be coupled to the reoeivw 
through a length of low-capacity cable, the aerial circuit being 
untuned. The type of horizontal aerial described in a previous 
section is also suitable. 

For transmission, the ship’s main aerial may be used as a 
harmonic aerial, coupling its lower end through a series or 
parallel drcuit as described in the first section of the chapter. 
If we know the length of aerial available, we can very quickly 
see at what wavelengths such an aerial will be efficient, and 
possibly by a small alteration of length, which will not effect 



its working on long waves, efficiency can be obtained at the 
particular short waves desired. 

It will be appreciated that long leading in ” wires, or 
“ trunks,” which are a common feature of the long wave 
system, may be most inefficient on short waves, as the capacily 
of these leading in arrangements may be sufficient to bypass 
most of i^e current. Their length may be favourable to the 
formation of a large stationary wave due to reflection at the 
deck insulator, where the inductance and oapadly per unit 
length change greatly in value. Wherq poadble it is always 
better to use a feeder, commencing the aerial proper where the 
surroundings are clear, althou^ the use of such will necessitate 
a terminating ciroYiit at the bottom of the aerial. If this oannot 
be done, ogrrect ‘termination at the tiransmitter end of the 
trunk may enable more power to be led to the aerial. 
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In short wave work it is not necessary to take great precau- 
tions to keep down 'the resistance and earth losses, so necessary 
in the case of the long wave, because the radiation resistance 
is so much greater. Hence arrangements such as earth screens 
will not be used. 
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CHAPTER Vni 


ATOTAT. ABRATS 

Thb term " aerial array ” has been given to combinations 
of aerials arranged to produce some special directional effect. 
The whole array may in some casra he used simultaneously for 
the transmission (or reception) of more than one signal. 

The advantages of directional transmission and reception 
have, of course, beoi realised from the early days of wireless, 
but efficient S3r8tems have only become possible since short 
waves come into use, as it is only possible to produce any 
efficient transmitting or receiving directional aerial-system 
when the size of the array is large compared with the wave- 
length being used. 

Gieneral Requirements. When a long distance point-to- 
point service is under consideration, the horizontal polar 
diagram at the transmitter should be narrow, and the ratio of 
forward to back radiation should be as great as possible to 
concentrate the available energy into a norirow beam. The 
vertical diagram also should be sharp and it may be desirable 
to be able to change the directive properties in the zenithal 
plane so as to be able to select the particular ray predominant 
at any one time. 

At both transmitter and receiver there is a limit to the 
narrowness of the horizontal diagram, because we have evidence 
that the apparent direction of the transmitting station does 
not always remain quite constant. 

Since the arrays are probably the most expensive part of a 
shortwave stid^,it is very desirable in the interests of econon^ 
to be able to cou^ a number of receiveis to the same array, 
or to be able to jise a transmitthig array cm more tiian erne 
feequsni^. This means that the polar diagram ahotild not 
be depeivisnt npcm precise tuning of any part of the array. 

H* 201 
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The direction oi maximum horizontal radiation should not 
be too rigidly dependent upon the direction in space of the 
array. For it is evidently an advantage if, by a simple electrical 
adjustment, an array can be biassed to radiate in a different 
direction. 

Some E^dal cases may, of course, have peculiar require- 
ments. An interesting example is the type of array required 
for the telephone service from Rugby to Atlantic liners. In 
this case the horizontal diagrams must evidently be wide 
enough to cover the area of ocean over which it is desired to 
maintain communication, and in the case of the longest wave 
array, which is used for the shorter distances, the beam has a 
large spread and is arranged to radiate principally at fairly 
high angles, as it is the high angle radiation which returns 
from the ionosphere in the shortest distance. 

The most obvious way of forming a beam is to use a peui^abolio 
reflector with a single aerial at the focus. 

This method of producing a beam, which was the first 
employed, is now used only for ultra-short waves, as newer 
systems have been developed which possess many advantages, 
chM of which is the simpler mechanical construction, and the 
greater gain of field strength produced by the uniform division 
of energy among a number of aerials. 

Array Systems. The modem aerial array system, of which 
C. S. Franklin was the originator, obtains its “ beam ” effect 
by the grouping of a number of radiating elements fed by current 
in such phase as to produce an interference pattern in space 
giving the required directive pro}>ertie8. 

In general, array systems are of two main types, the “ Broad- 
side ” type and the “ In-line ” or “ End-Fire ” l^ipe. In both 
oases the array consists of a long line of radiating elements, 
but whereas the Broadside type concentrates the energy normal 
to the line of radiators, the latter is most active along the 
aerial line. 

Before we consider the various systems in use, it will be of 
interest to illustrate the interference pattern |noduoed by two 
spaced omnidirectional aerials. 

P<Mar Diagram Two Spaced Aerials. Consider the 
field podooed at P (Fg. 106) by two aofals A and JB (assumed 
to he point sources of radiatioB.) j^aoed a \ meriw apart. 
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whare X is the waveleiigth in space corresponding to the 
frequency of the currents in the aerials, it being assumed 
that P is so far away that lines joining A and P to P are 
parallel. Evidently, if the currents in the . aerials are in the 
same phase, the fields due to each aerial will hot be in phase 
at P, because of the difference in distance, firom P to each 
aerial. 

This difference in distance is most conveniently expressed 
by the phase angle it produces between the fields at P due to 
the two aerials, and this phase angle ^ will be tormed the 
“ space-phase.” » 

It will be seen that the difference between the lengths PA 
and PB is nX sin $, and, since a difference in length of X 



would cause a phase angle of 360°, the phase angle ^ actually 
360° 

produced will be -y— » X sin d, or ^ = 360° » sin d. 

A 

If the currents in A and P are in phaw and produce fields 
a and b at P which are equ«d numerically,* then the vector sum 
at P is OQ, as shown in Fig. 106. 

Now OQ ss 20 and 
OM ^ON ooa^ 

Hence OQ = 26 cos 

Applying tiiese Jcumuhe to spacings of g, and X, 

we get polar (Vagrams shown in Fig. 107, line (me. 
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In many oases, however, the two aerials are supplied with 
ouiients which are out of phase in time so that there is a 
tirm-phaae of a degrees. For such cases the resulting phase 
angle say, between the two fields will be dependent upon 



a-/53' 






VnKma 107. 

whether the time phase a is additive to or must be subtracted 
fimn the space phase For direothms to (me side of the 
nomial the two will add, whereas on the other side th^ will 
BUbtaraot, that is, 

SB a 2ir n sin d radians 

(Hr >■ a d: 360 n sin $ degrees. 
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If the ouiient in the more distant aerial is lagging behind 
that in the nearer one, then evidently <f> is the sum of the space- 
phase and the time-phase, whereas, if the current is leading, 

is the difference. 

With differmt values of spacing and time phase, polar 
diagrams sudh as shown in Fig. 107 are produced, the circles 
showing polar diagrams of a single aerial supplied with 
the same jiower. Time phases between 180** and 360° 
would give similar diagreuns but reversed in sense along the 
XX axis. From these curves it is observed that with zero 
and 180° of time phase, di^pcams bi-symmetrical both 
about the line of spacing XX and the line nmfmal to it are 
produced. Further, with zero time phase maxims values are 
always produced in a direction normal to the line XX, whereas 
with 180° time phase, minima values are produced always 
normal to the line of aerials XX. For phases in between 0° 
and 180° (and 180° and 360°) diagrams asymmetrical to the 
normal line are produced, such diagrams having optimum uni- 
directional properties along the line XX when the time phase 
is 90° or 270°. 

The Inter-Action of Two Adjacent Aerials. The 
polar diagrams obtained above are correct if the currents 
in the two aerials have actually the relativejphases specified, 
but it is necessary to lealim that the two aerials are 
coupled together, due to each being in the field of the 
other, this foot being allowed for in computing the diagram 
areas. 

Thus, if we first tune each aerial in the absence of ‘the 
other and then apply to both of them E.M.Fs. in the same 
phase, each aerial will induce an E.M.F. in the other, the 
phase of which will depend upon the spacing. The currents 
flowing wdl-. be due to the resultant of applied and induced 
EACJFs. 

The problem can be worked out as a coupled drouit, 
introdudng the notion of a mutual impedance between 
aerials 1 and 2. The calculation of is a complex matter, 
involving, as it does, integrating the effect of the total 
fidd (and not merely tiie rai^tion component) produced by 
one aeiitd hh Asohhlement of the other, but the values of Zn 
for vaxiow aerials and quMfings have been wcarhed out. As an 
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example, Fig. 108 (derived from the paper of O. H. Blown) 
showB the resistive and reactive components of the mutual 
impedance between two X/2 aerials, both at the same height 
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and sufficiently elevated that the effect of the earth on the 
mutual impedance may be neglected. 

Similar curves for other cases are given by Brown and by 
Carter. Supposing to be known, then as in other coupled 
drcuits ; 

1 (1) These are vector 

k equations. 

j (2) 
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If Ei—E^ in magnitude and phase and both aerials are 
independently tuned, so that —B, then Ii in magni- 

tude and phase, as would be the ease if there were no 
interaction. It is now seen that the aerials when together 
are no longer in tune, in the sense that the impedance each 
presents to the circuit from which it draws its power is no 
longer a pure resistance. The currents are therefore difrerent 
than for one aerial alone. The impedance is 
E 

-jr and from (1) is Zx+Z^ (since Ii == /,). Let 2/it= 

■*1 

then the aerials can be again brought into tune by altering 
their length so that Zi becomes B—jX^. The aerials will now 
form a resistive load of value (B^ can be positive or 

negative, depending uj)on the spacing). Since the currents 
and effective resistances are not the same as for one aerial by 
itself, the power radiated is not twice that radiated by one 
aerial alone. 

Aerial and ** Reflector.** It is frequently convenient to 
make use of reflector or parasitic aerials which are not supplied 
directly with power, but the currents flowing in them are 
caused entirely by the E.M.Fs. induoed from neighbouring 
aeruds. The relationships now become 


El — IiZi-\-I^Zn . 
0 — 1 iZu • 

From which ^ —Zi — 

li Z, 


/i = 

/.= 


El 




_ 

Z^ 

El Zi, 

ZiZ,-ZU 


(3) 

(4) 


( 6 ) 

( 6 ) 


Since these are vector equations, they give us the magnitude 
and phase of tiie currents aiui we can then construct tite 
polar diagram by i^e method loevionsly given. 

A very wide variety of effects are evidently possible, since 
we oan vhiy (by altering spacing) and both Zi and Z^ 
(by altering aeriid tmflng— adlusting the length, for example). 
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The poIat ourre of an exactly-tuned ^ aerial and reflector 

X * 

spaced ^ apart has a shape between that for a » 90° and 
a = 136° in Kg. 107. 


R A 



If aerial and reflector are both resonant and the spacing 
hi Taxied we obtain the curves of Eig. 109 for field strength in 
forward and backward directions. It will be seen that the 
pawMBtic araial can act as a “ director ” as well as a “ reflector ” 
as the qiaoing is varied. 

When the aerial and reflector are used for xecepthm 
(the aerial bobag connected to the xeoeiTer) tibe directional 
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properties axe similar to those for traxusmission, but the actual 
performance is evidently dependent upon the way in which 
the receiving drcuit loads the aerial. 

Polar Diagram of a Line of Radiators. The foregoing 
discussion relating to two single radiators illustrates the 
interference principle, but the diagrams obtained show equal 
energy (xmoentoation in various directions and are therefore 
not suitable for directional working. We can, however, 
eliminate the energy concentration in all except one main 



Y 
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direction by employing a number of radiators qwced along 
the line. 

For instance, consider a line of eight aeriab q>aoed each 
one quarter wavelength apart as shown in Fig. 110, those eight 
aerials making an array of effective length between the first and 
last aerial of nX — 2 waveloogths. It will be found that such 
a line of otoselyHEfpaoed aerials wiU conoentrate the energy into 
one main beam and a number of subsidiary “ tails ” ea<^ side 
the line^ and, moreover, the main beam can be made to 
assume any an^ with the line of the aerials depending upon 
the thne-phase of cncrents with whidh the aerials are supplied. 

The field ft a dhtant pc^t P at jany ani^ fi to the ztmmal 
will, of ooune, be the veotof stun of a field due to each aerial. 
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If we (xnudder the importaDt case when all the aerials oarty 
ouixeats in phase with each other, i.e. zero time phase, then 
the maximum field as shown by the central vector (Hg. Ill) 
will obviously be along a line TY, normal to the line of aerials. 
At directions other than normal, and making, say, any angle 
6 with it, to the right or to the left, the vector group will 
become wrapped up either in a clockwise or anti-dockwise 
direction as shown by Figs. 111a, b, c and d, right and left. 
Thus, £oic small angles of 6, a vector figure such as a will be 
produced. At greats deviations the vector sum produces a 
zero resultant such as shown in Fig. 111b (for the case of 
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nX = 2, d will be 30°). Thus the field has diminished from 
unity at d 0° to zero when d — 30°. 

Considering still greater deviations firom the normal, the 
vectors become stfll more wrapped up to produce vector 
empires as ebown in Fig. 111c, where the resultant is equal to 
the diameter of a oiroumsoribed ohrcle, and llld where the 
veotm diagram becomes wrapped up twice giving a zero 
resultant, this occurring — 90°. 

If we maintain the length of the array line die same but 
alter tiie number of aerials (and, therefine, the ^Musiiig), 
the vector diagtams axe but Uttle idtered m shape. We can, 
iheiefiae, suppose our actual aerials replaoed by a very laige 
number placed vary dk>se togdher, when the vector diagtams 
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will resolve into arcs and droles instead of polygoxu. This 
artifice, originally adopted by E. Green, has already been dis- 
cussed on page 184 in connection with the zenithal polar 
ilia graan of a vertical aerial, and it will be evident that in the 
case of the array vX long the field strength in a direction 
making an angle 8° with the normal to the array line is related 
to the maximum field strength along the normal by 

sin^ 

Field at P 2 

Max field ^ 

~2 

where <f> = 2'7m sin 6 (radians) 
or 360 n sin 0 (degrees) 


Minima will occur where <j> the phase angle betwe^ the 
field from the first and last aerial is 2^, or multiples thereof, 
namely at such auj^es that ' 


sinO =s 


1 


2 


3 


- , etc. 
n 


and maxima will occur at angles such that 
3 6 7 


sin — 0, 


2n’ 2n’ 


etc. 


and the amplitude of the side loops relative to that of the mAm 
loop (unity amplitude) will be of value 

2 2 2 ^ 

3v’ 57r’ 7v’ 


The polar curve for a two wavelength array of eight aerials 
each fed with current in time phase will be as shown in Fig. 
112a, and it is observed that a perfectly sfyoimetrioal bi-direc- 
tional polar diagram of radiation is produced, because the 
vectors wrap up either in a dockwise or an anti-ckx&wise 
dixectioD from an initial straight-line veptor both sides of t^ 
normal. 

Let us now alter the time phases of the currmits in the eight 
aerials cS aax typuMd array, so tibat the current in aerial 1 is 
leading by fk si^ angle on that in aerial 2 and so on. Tins 
will result in the vectors 'having an initial bias because the 
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time phase reduces tito field along the normal to the array line. 
(Fig. 111a, left, m^ht now represent the conditions.) 

Ccmsidering that direction (to the right) where the q>aoe 
phase between aerials is equal to the time phase we have applied, 
the time phase and space phase will be in opposite sense 
because in this direction the space phase of No. 1 vector is 
lai^png on No. 2 and so on, whereas the time phase is leading. 
This will result in the vector sum being straightened again, 
thus giving maximum field for this direction. Contrariwise, 
at an equal angle B firom the normal in the left hand quadrants, 
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the space phase is additive to the time phase and the field is 
reduced. The result of this snudl time phase is therefcare to 
give a bias to the maxima of the polar diagram to that side away 
from the leading time end and make it asymmetiioal as shown 
in Fig. 112b. 

If we now increase the time phase to such an extent that it 
is exactly squid to the space phase between elements (in this 
case = 90 degtees) the vectors fmr dueotions n<«mal are the 
wrapped up vectors for Fig. 111c (left). Thus in directions 
to the zig^t the vectors unwrap themselves and just become 
unwti^Kped for a direction in mie witii the array, as in tide 
direetioh the qpaoe phase is now equal and opposte to tiie 
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time phase. To the left tihe vectors become more wrapped up 
still and produce small tails. Thus the polar diagram is 
biassed to such an extoit that the maxima now overlap and 
produce a uni-directional polar curve lying along the array line 
shown by Fig. 112c, the maximtuu of tbiw polar curve being 
away frcm the end which is leading in time phase, in this case 
No. 1 aerial. 

If desired we can completely reverse this polar curve by 
changing the time phase such that the opposite end (No. 8) 
is leading in time phase, say by feeding from the end No. 8 
instead of No. 1. Alternatively, if we stiU desire to feed the 
system from the No. 1 end, we must misphase each succeeding 
aerial by 360 degrees minus the space phase, as this is the same 
as giving the next aerial a lagging current. 

We have considered' the case of eight aerials each spaced 
apart. If we were to position our aerials more closely 
together we should obtain the same result if we altered the 
time phase to equal the new spacing. Thus if our aerials are 
arranged to be one-sixth of a wavelength apart, i.e. 60 degrees, 
we should need to produce a time phase between radiating 
elements of 60 degrees or (360 degrees + 60 degrees) to produce 
a maximum away from the fed end ; or (360 degrees — 60 
degrees) to produce a diagram with maximum towards the 
fed end. 

As explained previously the directive properties are not 
materially changed with 'spacing of elements, and in <gen6ral 
X/4 spacing is customary. 

Thus we have the general rule for a single line of radiators 
that with zero (and opposite time phase) or multiples thereof, 
bi-directional symmetrical figures are produced, the former 
with 'maxima normal, and the latter with maxima in line with 
the array. 

If the time phase is made equal to the space phase between 
radiators a uni-directional polar curve is obtained with a 
maximum away from the feed or leading time-phase end. 
Witii a time-phase equal to 360 degrees minus the space-phase, 
the polar enn^ is reversed and ihe maximum now points 
towards i|he feed leadjng time-phase end. 

. It is evident that tiiere will be mutttiU impedances between 
each aerial and ad the others and, if the aerials are to be in 
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tone, it will therefore be necessary to adjust the electrical 
leaigth the aeriais to suit the ^cing. * This adjustment will 
be done experimentally, with previous experience as a guide, 
since the. problem would evidently be very cumbersome to 
solve theorotically. 

Broadside Arrays. It is clear that a single line of aerials, 
carrying currents in phase with each other, produce a bi- 
directional diagram. With such broadside arrays it is there- 
fore necessary to provide a second line of radiation in the rear, 
to reinforce ^e forward radiation and cancel the backward. 

It is usual (because more convenient) to supply only the front 
line and let the rear line act as “ reflectors ” or “ parasites.” 
Where we are concerned with lines of aerials it is found that a 

spacing of ^ is about the best to employ and the lengths of 

the reflectors are adjusted to give the best ratio of forward to 
backward radiation. 

The tuning and spacing adjustments which would cancel 
backward radiation are not the smne as those which would 
increase forward radiation to the maximum extent and a 
compromise is therefore adopted. 

In Figs. 113 and 114 polar curves for a 2X array, having 
\ 3X 

reflectors - and — respectively behind the active aerials, are 
4 4 

shown. They assume that the reflector currents are equal in 
magiutude to those in the front aerials but are in quadrature 

leading for a ^ reflector ; and in quadrature lagging for a 
reflector. 

From these figures it can be observed that the polar diagram 
is characterised by a main loop and a number of tails, and it 
will be remarked that the wider tire array, the more concen- 
trated is the main loop and the greater tte number of tails. 
The width an array system is termed its aperture, and this is 
defined in terms of the wavelength. Thus tte wider the aper- 
turej; the better the main beam^ but the mote the numbor of 
subsidiary loops. An array built up vertiimlly gives oanoentra- 
tion of energy in the zenithal iflane in emwtly the saBwrntmner. 

In assessing the vidue of an amy we mast be qard^ to 
take into aeootmt its <mixent disteihiitioh. For instance, an 
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array of “ A ” square metres fed at one point, say tUe centre, 
would not be nearly so effective as the same area fed, say, at 
four points. For with a centre point feeder, because of radia- 
tion and general losses, there would be a tapering current to the 
edges, and in consequence the effective area would be reduced. 

Array systems may be made to radiate either vertical or 
horizontally polarised waves and there are many examples 
of both types of arrays in practice. 

Theoretically, as has been seen in a previous chapter, there 
should be but little to choose between the two types of waves 



for long distance work, and the type of aerial chosen will 
depend largely upon the feeder system adopted. The B.B.C. 
claim to have proved the superiority of the horizontal aerial 
over the vertical for their type of work, but other organisa- 
tions using both typed of aerials over long periods have found 
no difference. Any differmce that exists may be due to the 
way in which abortion near the aerial site affects waves of 
different polarisation. 

Wp will now desotibe a few typical examples of broadside 
arrays. 

Marcmil Broadside Array. The denrahle features of %n 
array dkehaMBd in the general requirements paragraph can 
beat be attaiiied by means' of an array (^ separate isolated 
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tmit radiators. As it is not economic to provide too many 
feed points, a system must be developed with some indirectly 
energised wires, which can be nnmerous without increasing 
complioatibn. 

Since the economical height of an array is limited and the 
zenithal polar diagram very important, it is a difficult but 
essential matter to provide as good a zenithal diagram as 
possible with a reasonable height. The Franklin uniform aeriid 
(described on page 182) gives the best efficiency in this respect 
since it is the only aerial in which the phase reversing device 
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actually assists in forward radiation, and the aerial approxi- 
mates very nearly to a uniform current sheet. 

A sketch of a typical Marconi beam array is given in Fig. 
116, aerials and reflectors being shown separated for clearness. 
The aerials are of the uniform type and the reflectors each 
comprise two, or sometimes three, purall^ wires dosely spaced. 
The effect of increasing the number of reflector units is not to 
improve the diagram materially, but to flatten the tuning of 
the array. At the same time it is found this increase of 
reflectors does decrease backward radiaticai. 

The reflector aerials are usually placed approxin^tely 
a quarter of a wavelength behind the mergised aerials in t^ 
li^tigar wavelength arrays, and three-quarters of a wavelength 
fOT the diortmr waves, the lei%tlu of individual amiialB being 
adjmited to give the beet djagnam. There are tnioe a« 
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reflector unitB as energised aerials, their spacing being approxi- 
mately g whilst that of the energised aerials is 

The number of aerials and, therefore, the length of the array 
naturally depends upon the narrowness of the beam which it 
is economicaJly or otherwise desirable to produce. With one 
or two exceptions eight wavelengths is the maximum aperture 
made, and six, four and two wavelength apertures are also 
used. The feeder system supplying the aerials in the same 
phase has already been discussed in Chapter VI. 
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The Sterba Array. The Sterba Array was developed 
in the U.S Jl., and is used on a number of the telephone Knho 
constructed by the International Telephone and Telegraph 
Corporation. The array is built up of a number of units 
of the form shown in the Fig. 116. This unit consists of a 
wire whidi, when it is supplied with current at the corteot 
frequency, will carry a system of stationary waves. The wire 
is bent up in such a way that half wavetengths all of which 
ate of the same phase, are vertical and radiate, whilst the' 
alternate half ^vdengths which would produce opposing 
ladia^ons aw hcNtiramtal and caned each othetr out due to thdr 
{sroximity to each ’other. The current is supplied through 
a feeder ht the centre of a half-wave portion and there- 


218 SHORT WAVE WIRELESS COMMUNICATION 


fore at a point of maximum current and minimum impedance. 
A number of these units are arranged side by side and 
supplied with current in precisely the same phase by 
arranging the lengths of feeder to be identical and terminating^ 
correctly. 

A wimilftr set of units is arranged approximately one quarter 
of a wavelength behind the first to act as reflector. Evidently, 
sinoe we have here a tiered system of half-wave aerials, the 
radiation will be conflned vertically into a beam making a small 
angle with the earth, and the sharpness of the horizontal beam 
will depend upon the number of units arranged side by 
side. 

A useful feature of arrays such as the Sterba, which form 
closed metallic circuits, is that large low frequency currents 
can be circulated round the array to remove sleet which, if 
allowed to remain, might load the wires to breaking point. 
In countries where climatic conditions warrant it, a 60-oyole 
1,000 volt supply is arranged to the Sterba array producing 
a current up to 200 amperes in the array wires. The heating 
ciurent is supplied to the array in such a manner that the high 
and low frequencies can be connected simultaneously without 
mutual interference. 

The T.W. Array. (Used by the British Post Office.)* 

Both a vertical and a horizontal type are in use, one unit of 
a vertical being shown in Fig. 117. like the Sterba array, 
each unit consists of a long wire bent up into a suitable form 
so that unwanted half wavelengths cancel, due to proximity. 
In this case there are really two rows of aerials, in addition to 

the reflector (which is not shown in Fig. 117) spaced ^ apart. 

It will be seen that the vertical members of each row cany 
currents in phase with each other, but that there is a phase 
difference of 180* between the two rows. Hence they assist 
each other in both directionB along a line normal to th« plane 
of the aerials, and a reflector is still required to cut out the 
“ backward ” radiation. This reflector oonsiBts of a curtain of 

half-wave aerials arranged in two vertical stacks j behind Hie 

8 \ * 

tear row of aerials and therefore -r hHiind the front eel 
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AxTBys Formed of Horizontal Doublets. Several types 
working on this principle have been developed, notably 
in Germany and Holland. It was explained in the previous 
chapter that horizontally polarised waves are as effective for 
long-distance, short-wave communication as vertically polarised 
waves. 



In the particular type shown in Fig. 118 horizontal half- 
wave aerials are connected across the vertical parallel wire 

feeders at ^-intervals. The voltages at two points on the feede^ 

will be in phase opposition, but it will be seen that the alter- 
nate half-wave aerials are cross-connected to the feeder wires 
so that tliey oscillate in phase with each other. 

The horizontel polar Vagram will be nearly the same as 
that given by a flat projector using vertical aerials. Regarding 
the vertic^ polar <HAg:ro>m, it will be seen that a distant pdnt 
on the horizontal plane will be equi-distant from all the half- 
wave aerials and will thmefore reomve the maximum field 
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strength, whilst at a point vertioally above the array the 
radiation from the individual aerials will cancel out. 

One advantage of Ihis design is that since the various aerials 
are fsd through an unterminated feeder at half-wave intervals, 
the aetiab may be regarded as fed in parallel and in conse- 
quence each aerial will share the power equally. 

Swinging a Beam. It is often convenient to be able to 
swing a broadside array eteotrically to one side or the other, or 
alternatively to use two halves of an array to work in two 
difierent directions at the same time. 

As has been explained, this can be done by changing the 
time-phase along the array line, and with a multiple feeder 
these operations are accomplished in a simple manner by lagging 
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the current to sucoessave aerials as desired. For instance, 
consider a 4. aerial beam as shown in Fig. 119 ; if we wish to 
bias the beam from normal towards the right, aerial No. 4 
must be energised first and each succeeding aerial 3, 2 and 1 
given a lag on the previous aerial Ibis can be accomplished 
'by inserting “ trombones ” in tbq feeder tee branches as shown 
in Fig. 119, whose length must be correct to give the desired 
an^ of f^ase lag ; or the feeder can be laid out asyrmnetrio- 
a% as shown in Fig. 120. Assume we wish to swing a beam 
(^asiO**) to the right. Then if A and S (or A* and S') be 
two points on a feeder system T metres i^>art along a line 
n<mnal to the wav^ront, B must be given a lag by inserting 
an additional length feeder between € and B, the amount 
required being 
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It is easy to understand how accurately phasing can be 
accomplished, as even at the highest frequencies quite an 
appreciable length of feeder may represent only a degree or so 
phase shift. For instance, if the wavelength is 20 metres, then 
20 centimetres length will represent no more than 3 *6°. 

Broadside arrays all concentrate energy approximately in a 
direction normal to the plane of array line. 


4 ; 

1 n_ 

1 2 1 

1 nJ 

n_ 

r 


1 

-|b' 

1 

j 

1 

4 : 

1 

Fiqubb 119. 

, / 

l/ l 

7 A'bc 


/. 1 

B 

A i 

j. / 

C 

— Y ^ 


7 
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The shape of the horizontal polar diagram depends upon the 
width of the array, and can be made as sharp as necessuy 
without usdue difficulty or exj>ense. The shatimess of the 
zenithal diagram depends upon the height of the array, which 
must theiefme be considerable if it is desired to concentrate 
the radiation into a small zenithal an^^e. At the same time 
the fisct lhat we can control Ihe width and height of the array 
independux^ dgnil^ tiiat we have a means of controlling 
dheotivity in two planes. This may be desirable since low 
anfl^ rays ate dhii^ of use Rxr long distance communication 
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and hig^r angle rays of more value where the oommunioation 
distance is short. Further, it is easy to feed a broadside array 
at a number of points, and so keep a uniform ouirent distribu- 
tion and make all parts of the array equally effective as men- 
tioned previously. 

There is a limit to the effective aperture that can be used in 
the case of an array, on account of the wave front becoming 
distorted. With a broaddde type of array about 8 to 10 
wavelengths have been used, but the present tendency is to 
use arrays having apertures of not more than 5 to 6 'vfave- 
lengths. All the broadside arrays described are equally 
effective for transmission or reception purposes, as their effec- 
tive radiation efficiency is high. 

“ End-Fire ” Arrays. We have already shown theoretic- 
ally that by making the time-phase of radiators in a single 
line equal to the space-phase, a maximum energy concentration 
will be produced along a single array line without a reflector 
ouitun, and in this case since the concentration in all planes 
is a function of length, the array height can be small, and the 
prime cost in consequence much less than the broadside array. 

Although the “ broadside ” array gives a sharper, horizontal 
polar-diagram than the “ end-flre ” type for a given horizontal 
length, if the solid polar diagrams are compared, both may be 
equally effective in concentrating energy. In the same way 
that the maximum useful aperture of a broadside array is 
limited so the useful length of an “ end-fire ” array is restricted 
to an even greater extent due to multiple ray paths, and end- 
fire arrays are seldom made greater than 4 wavelengths. 

Different forms of “end-fire ” arrays are now in use, but in 
many ways the results obtmned with them are disappointing 
compared with the broadside types. It is possible this may be 
because of <me or two reasons ; 

1. Most “end-fire” arrays are terminated, whereM 
broaddde arrays are all of the stalibnary-wave type. 
Terminated arrays are generally inefficient for trans- 
missirm purposes because a percentage of the total power 
into the arrays must of neoMrity be wasted in the tw- 
minating reostanoe. 

2. AH endt-fire arrays are fed firom a single ffied-point 
at <aie end. 
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As regards the second feature, all “ end-fire ” arrays are fed 
from one end, as it is such an elegant solution to the problem 
of making the time phase equal the space phase. The authors 
are inclined to believe, however, that this solution, although 
elegant, is ineffective and that not until designers have the 
courage to adopt a multiple-feed system, which will level up 
the distribution of energy alor^ the array line, will the end- 
fire array be able to compete with its broadside counterpart. 

R.C Jk. Arrays Using Long Radiating Wires.** We have 
seen that a long “ harmonic ” aerial directs its main radiation 
at a decreasing angle with its own axis as the length is increased. 
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For instance, the polar diagram of a wire eight wavelengths 
long is diaracterised by a main loop making an angle of 17|° 
with the axis and a number of snutU tails. The same diagram 
wiU be obtained for all an^es perpendicular to the axis of the 
wire, and hence the solid polar diagram consists of two main 
cones of radiation concentric with the axin of the wire together 
with a number of subsidiary cones. This property of a long 
whe forms the basis of two arrajis briefly discussed below. 

Suppose we m»ot a wire A at an angle of 5° with the grotmd, 
then A, B, C, and D (Fig. 121) depict the'zenithal sections of 
the main cones of radiation, the small tails being omitted. 
The maximum ra^athm from sectiim A is then at an at^e of 
12|^ with the earth’s surface, this being considered the most 
useful zenithal ang^ to use for oommunication purposes <m 
■ the partioular system considered. 
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If a second wire Ai is erected, parallel to the first, and fed 
in opposite phase, such as from a transmission line, the total 
field wiU fall away to zero in the plane normal to that con- 
taining both wires ; because any distant point is equidistant 
from each, and the wires are fed in phase opposition. Thus 
the polar diagram shown is true only for the zenithal 
plane, and some measure of horizontal directivity has been 
obtained. 

It is necessary stUl to get rid of three of the four main lobes 
from the diagram. It will be seen ficom Eig. 121 that the 
wires axe staggered, the amount of displacement endwise 
being such that in a direction B, or jD, any point of one wire 
is in phase opposition to the corresponding point on the other. 
The effect of this is that in these directions a zero field is 
obtained, and these lobes are each split into two small tails. 
In order to get rid of the remaining lobe O, it is necessary to 
erect a second pair of wires B and Bi supplied with current 

in phase opposition to each 
other, and in quadrature 
with the cuxrentsin A and 
A}. When the current in 
B leads 90** on that in A, 
then lobe 0 breaks up into 
small tails and hence the 
required uni - directional 
diagram is obtained. 

Another arrangement of 
tke hamonio aerial is the 
“V” type shown in Kg. 
122. Theharmcmioaeriala 
are set at an anj^ and fed 
Items U2. at the centre and thus lUie 

currents in Aj and A, are 
in phase , opposition with each other, and it follows that the 
cones <ff radiatkm pi^uced by each wire at an angle of 17|” 
with itself will unite if the wires are folded at an an^ of 35^ 
The maximum radiation will, therefore, be akmg the line 
Idseoting the “ T,'* but the airangemmt will be bi^direotimial. 
A similar “V** is theiwfinw erected, an odd quarteryfwvdkn^^ 
behind the first (usually 2(\), and suif^ ydtl> ^urent in: 
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quadrature, either leading or lagging, according to whether 
transmission in directions RA or AB is required. 

By the use of a second “V” a half wavelength below the 
first, the high angle radiation is reduced. It will be seen that 
vertical radiation would be entirely cancelled. The first typo 
of array inroduoes vertically polarised waves and the second 
horizontally polarised 

Terminated “ End-Fire ” Arrays. Consider a vertically- 
polarised, horizontally-propagated wave arriving at a vertical 
wire connected at its base to a receiving system whose input 
impedance is equal to the equivalent impedance B, of the 
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wire, as shown dotted in Fig. 123. It will be assumed that 
the far end of this wire wiU also be terminated in a resistance 
equal to R^ and therefore in our discussion we shall not con- 
sider refiection from the top end of the wire as affecting the 
problem. The arriving wave will induce in each elementary 
length of wire an EJId.F., and a current wave will therefore be 
initiated from each elmnent, which will travel down tibe wire 
to the receiver input. The i^iie can virtually be con- 
sidraed as a fiseder coUeotiDg energy along its Imgth and the 
resultant E Jd J*. at the receiver input will be dependent upon 
the space-phase of induced EJd.Fs. phis the time-phase due 
to the fre^ kmgth from each elenmt. fri the case cited 
the spaoe-]|Aato is zoro and the time-phase dependent upon 
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length of wire. For instance, if the wire is ^ long the space- 

phase is 0°, but the time-phase is such that the wave from the 
topmost element will lag 180° on that from the bottom element 
and hence the vector diagram will form a semicircle. Whereas 
if the wire is X long the vector diagram will be a circle. 

If now we advance the top end of such a wire into the wave 
by tilting the wire (as shown full line), we shall introduce 
a space-phase which will advance the induced E.M.F. in the 
topmost end of the wire to the greatest extent and the resultant 
vector diagram will unwrap itself. Assuming for the moment 
that tilting the wire does not reduce the E.M.F. induced in 
each element, the more we tilt the wire the more influence 
the space-phase has and tilting to a horizontal position would 
give ^e maximum resultant EJd.F. to the receiver, because in 
this position the space-phase exactly equals the time-phase 
and the resultant vector diagram has thereby been unwrapped 
from whatever shape it was with the wire vertical to a straight 
line ; this is true no matter what the length of wire. 

Conversely, tilting the wire away frx>m the direction of the 
advancing wave will wrap the vector diagram up more and 
more and in consequence the system will be seen to have direc- 
tional properties, that is assuming there is no reflection from 
the far end. From previous sections it will be clear that the 
polar diagram will be dependent upon wire length, the longer 
the wire the better the diagram. 

The tilting of a straight wire will not, however, be very 
efficient, because as it becomes more and more horizontal each 
element will have reduced radiation efficiency for vertically 
polarised waves (reception efficiency, in the case of a receiver 
wire), the zenithal polar curve of each element having a cosine 
law. 

R.C.A. Long Ware Array. Beverage used such a hori- 
zontal terminated wire (Fig. 124a) as a receiving aerial for l(mg 
wavelengths at Riverhead, U-SA. This aerial, which was 10 
miles in length, had good directional properties but poor 
rwiiation effioieni^ fc^ reasons 6]q>lained above ; hi fact if 
the received vraves were exactly vertioally polarised no EJdJ*. 
would be recaved by such a vrire, hht at Riverhead the seal 
is very dry and sandy and this had the effect of giving the 
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leoeiTed w&ve a considerable forward tilt so that a horizontal 
component was in evidence which induced E.M.F8. in each 
element of the wire. The terminating resistance R, shown in 
Fig. 124a prevents reflection from the far end and gives the array 
unidirectional properties, because although waves arriving 
from opposite directions will build up a large E J!d.F. at Jig, the 
energy there is completely absorbed and not reflected back 
to the receiver end. 

R.C.A. Fishbone Array. Such an array would appear to 
be as suitable for short waves as for long, but since short waves 
are variously polarised, a modified form of array has been 
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built consisting of a two-wire transmission line of low surge 
impedance (about 360 ohm) to which horizontal pick-up wires 
axe coupled as shown in Fig. 124b, and as with the original 
Beverage aerial, the far end is terminated by a resistance B, to 
produce a unidirectional diagram. As produced by the R.CA. 
this array was designed to have flat tuning, covering a wave- 
range of about 4/1 efficiently, this being accomplidied by 
using “ pick-up ” wires. If X is the shortest wavelmigth to 

be received, then the spacing is ^ and tiie length of each wire 

iMtor incrr. I : Ito wto. ««pled to th. tnyU- 
mission-line riirouj^ oapadtda of speciid design (Big. 125), 
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find because of this small capacity in series with the wires they 


are electrically less than - 



id present a capacity reactance 
to the transmission-line at all 
waveleiogths being received. 
Because the velocity of the 
wave along the line is lower 
than that of the arriving wave 
in space, it is not useful to 
make the array more than 8\ 
long. For a greater lengthy the 
voltages contributed to the 
receiver by the furthest wires 
would lag so far behind those 
from the nearest ones as to 
add but little to the vector 


resultant. 

Messrs. Cable & Wireless, Ltd., have used a modified form 
of this array for spot-frequency working by eliminating 
the coupling condensers, lengthening the pick-up wire to 


^ (less 25%) and increasing tike spacing between wires to ^ 

Since they axe end-fed to the fi»eder line this is spaced more 
widely, so as to bring its characteristio impedance to 600 ohms. 
The array length is also reduced to about 4\ and when in- 
creased gain is desired, arrays will be paralleled. 

Rhombic Arrays. Returning to a consideration of the 
tilted wire coupled to a receiver of input impedance R, as 
shown in Fig. 123, it was mentioned that as we tilt the wire 
more and more into the wave, althou|^ the q>aoe phase is 
tending to counteract the misphase due to the wire length, the 
pick-up in each elemental length is getting smaller. From 
our previous discussion on array systems it is easy to derive an 
expression for the relative E Jd.F. produced at the receiver for 
different angles of tilt, ixeatiog the wire as a feeder line to 
which is coupled an infinite number of elemental pick-up 
aerials. 

Let the field strength be JE, volts per meixe. Dividing the 
aerial up into a series of elemented kngtihs dx gives us a series 
eff ekmmtal gNierators ofydtage Jr cotdr. lUbese generators 


AERIAL ARRAYS 


220 


ore not in phase with respect to the current in the base im- 
pedance, but the phase between them is determined by summing 
up the phase lag given by the time 
token to travel from the given 
element position to the base and the 
lead (or lag) imparted by tilting tiie 
aerial into (or away from) the source 
of transmission. 

This condition is represented by 
a series of vectors of length E coadx 
distributed round the circumference 
of a circle, as shown in Fig. 126. 

Now the total phase angle ^ be- 
tween the first and last elemental 
vector is equal to the angle due to 
the time of travel along the wire 
from B to A minus the angle of lead due to the tilting of the 
wire into the wave. That is 
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The resultant voltage at A is represented by the vector B, 
and as has been shown previously this subtends an an^e ^ 
at the centre of the circle of vectors. Thus : 

B = 2 r sin ^ 


where r = radius of circle. 
The arc = IE cos $ 

IEoob 0 


or f = 


B = 


<!> 

21 E cos 0 


sm 


IE COB 0 sin 


</> 

2 






I'E cos d sin (1— sin 0) j 


^(l-eind) 



880 SHORT WAyE WIRELESS COMMUNICATION 

If this expiession is differentiated to find the an^e at which 
the resultant E is a maximum, it will be found that for each 
length of wire there is an angle of tilt which gives a maximum 
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resultant from a vertically-polarised wave and it is clear 
from the previous discussion that the longer the wire the 
greater the tilt angle necessary to obtain a maximum pick-up, 



the curve connecting tilt aa^e and wire length being shown in 
E%. 127. Observe that for short wires the tilt ang^ u critical, 
but less so for long wires. I^ncetiie foregoing only piesapposes 
traveling waves we mujirii terminate the far end by a qmtem 
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which will not reflect, aay, by adding a second wire (shown 
dotted in Fig. 128), terminated in a resistance Bg. 

Rhombic Array. International Telegraph and Tele- 
phone Company. This principal has been applied in the well- 
known Rhcoubio (or Diamond) aerials first produced by the 
I.T. and T. Company, but they are usually constructed for the 
reception of horizontally-polarised waves by turning the wire 
system to a horizontal position and adding a second pair, 
as shown in Fig. 129. This setting up of a horizontal rhombus 
at a height h above earth wiU, of course, modify the polar 
diagram and the value of received voltage from a g^ven field 



and by small alteration of the wire lengths and angle it is 
possible to arrange for maximum directivity to be at any given 
an^e &om the horizontal. 

An interesting and useful feature of the Rhombic aerial, 
which is of pturtioular value in reception work, is that the polar 
diagram varies slowly with X and it is therefore suitable for 
operating over a wide wave-band. This will be evident from 
the consideration of the diagram showing the angle of tilt, 
which changes but slowly for loi^ wires such as wotild be used. 
For a normal array, a 30% change of incoming frequency 
would only produce a drop of some 2 db. in the input to the 
receiver. 

Rhombic Transmitting Aerials. The sin^e rhombus 
aerial just discussed is rea% only suitaUe for reception pur- 
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poses because of its low radiation efficiency. If used for trans* 
mission purposes, some 40% to 00% of the power input would 




be wasted in the terminating resistance. It is found, however, 
that rhombics may be grouped in series o^ parallel in such a 
way that their combined directivity is maintained (or even 



improved) for a given area occupied ly the ocunj^ete array 
and radiation efficoenoy can be brcni{^ up to more than 
90%. Various fcnms of such grouped rhcnnbios have been 
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e-volved by the Marconi Company, three of which are idiown in 
Figs. 130 and 131, the arrangement of Fig. 131 being the form 
most used. As with a single rhombus, the dimensions can 
be arranged so as to obtain a maximum directivity at any 
angle to the horizontal. It shotdd be remarked, however, that 
such a system is now critical as to wavelength. 

Marconi'Pranklin Series-Phase Array. In its simplest 
form the series-phase array consists of a wire folded into a 
number of loops connected by horizontal wire lengths as shown 
in Fig. 132, suspended either vertically or horizontally, the 
dimensions of the loops and the spacing being dependent 
upon the type of diagram required. In general the most 
commonly adopted arrays are made with loops approximately 
one-quarter wavelength long spaced a similar amount, the 



length of the array line being dependent upon the directivity 
desired. An array line will be fed from one end usually through 
a short length of non-radiating feeder coupled to a normal 
concentric tube main feeder, the remote end of the array 
generally being terminated by a resistance equal to the 
charaoteristio resistance of the system, which approximates to 
300 ohms. 

As win be seen later, the loops perform two separate func- 
tions ; to act as radiators ; and what is as important, to deter- 
mine the time phase of current between loops. 

Consider an earthed veriioal single .wire aerial. When 
exiuted from the base, a stationary wave is formed, by a wave 
Wi traveling up the wire and a aiTnilar reflected wave W, 
travelling back. Wp could imagine wave Wi travelling up 
tife left-hand edge of the wire and the same travelling wave 
returning down the right-hand edge of the wire, and because 
at all intervals of time the instantaneous values of Hao curcent 

I* 
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waves 1 1 and /, at the top are equal but opposite in direction, 
they form a node of current here. At other points down the 
wire the instantaneous amplitude of I-i and 7, are not always 
equal and if their values are traced out in time they will be 
found to form a stationary wave with current antinode at the 
base when the wire is one-quarter wavelength long. However 
short or long this wire may be, a stationary wave will be 
formed by these two travelling waves with a node of current 
at the top end and current value at the bottom appropriate 
to the length of the wire. Accompanying the current stationary 
wave is a voltage wave in quadrature time phase with it and 
with an antinode at the top end. 

If instead of providing a single wire we provide a loop of 
wire, Fig. 133, fed at the lower end, A say, this loop being part 
g of a circuit in wUch a travelling wave 

■fl' . is flowing, the wave will now travel up 

one wire AB and return by the second 
BC from which it continues on in the 

J L circuit, but provided these wires are 

FiqvbxISS. sufficiently close together to be re- 

garded as coincident in space from a 
radiation point of view, the loop may be regarded exactly as a 
single wire carrying a stationary wave with current node at B. 

These two travelling waves not only form a stationary wave 


of current with node at the top end and (if the loop is -or less) 

4 


an antinode at the bottom end, but in quadrature time-phase 
with the effective current stationary wave there will be a voltage 
stationary wave, having an antinode at the top end and a node 
at the bottom end. The voltage does not reverse in sense at 
the top and in consequence no node is produced, whilst at the 
bottom of the loop the voltages are always equal but opposite 
in phase. 

The radiation resistance of the loop will be four times the 
radiation resistance of a single wire for the same base current 
measurement in each case. This is so because a meter placed 
at (he base one limb of the loop is measuring current in one 
limb only, and this is half the effective stationary wave current 
at the base, as the currents add at this point. This means 
virtually that the effective height, and in oonaequeDee the 
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radiaticA effioienoy, of this portion of such a system is high. 
For this reason an array built with loop radiators is equally 
suitable both for transmission and for reception purposes. 
The radiation efficiency of the loop will not vary greatly 


for lengths below - , and as wiU be seen shortly, the loop dimen- 
4 


sion is determined largely by how it has to act as a phasing 
device. 

Cionsider Fig. 134a, which shows two radiators 1 and 2 qtaced 
one quarter wavelength apart and connected by a feeder line. 
If this system is £sd from a point A, halfway between the 
aerials, zero time phase is supplied to both aerials, but if we 
move the feed point to B, this automatioa>lly creates a time 
phase difference between 1 and 2 equal to the space phase 



b 
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between them, assuming the radiated wave travels to the ri^t 
at the same velocity as the wave along the feeder. In this 
case maximum directivity is away from the feed point B. 

Still kebping the fsed input at R we can reverse the diagram 
by looping the feeder to give aerial 2 a lading current of 90°. 
To do this the feeder length can be increased as shovm m Fig. 
134b, such that it equals (360° — ^60°) or |X. If we design the 
loop to have sides as shown, this loop together wi& the 
straii^t portion of ^X makes up the fX, and as we have seen, 
if the sidra of the loop are coincident in space, the loop itself 
will act as a radiator ; in consequence we can use it not only 
as a phasing feeder to aerial No. 2 but to replace aerial 1. 
ibi a similar way the ^yhole line of radiators can be replaced by 
loops, whose tengtha are made correct to produce the required 
phasing between the radiating dements. This is the usual 
atafes^phaae azzay design which therefore has maximum 
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directivity from its fed end, and it is clear that with this particu- 
lar spacing we could not reduce the dimensions of the loops 
sufficiently to reverse the diagram, i.e. by producing a time 
phase equal to the space phase as the loops would then have 
zero dimensions. 

But we can obtain this reversal by increasing the loop still 
more, namely to as in this case the total feed length is then 

Ij^X, and this gives the required time phase. 

Considering loops with ^X spacing, theoretical polar 
diagrams for 2, 4, 8, and 16 loops are shown in Fig. 136, these 
diagrams being sections of three dimensional figures having 
similar dimensions in all planes. An array placed close to a 
pmfectly conducting earth would have a cUagram represented 
by half these figures, i.e. the axis of the polar curves represents 
tile earth plane, but on short wavelengths, due to the earth 
acting more nearly as an insulator, the diagrams will be modified 
because the radiation at very low an^es will be reduced by an 
amotmt appropriate to the particular earth conditions con- 
sidered. 

So far the argument has assumed that the horizontal wires 
act merely as connecting wires and contribute nothing to 
radiation, that a uniform current distribution throughout the 
system is obtained, and that the velocity of the wave along 
the aerial is the same as that of the radiated wave in space. 

Dealing first with the horizontal wires, these do not materially 
affect the radiation from the system because any radiation 
will be along the direction of the wire, and of negligible amount. 

Discussing now the second assumption,’ the actual current ' 
distribution depends on the radiation efficiency of the loops, 
and with an accurately toned array there is a considerable 
fall of current along the array. By choosing appropriate 
lengths the fhll per loop can be minimised, but it sets a |uactical 
limit to the numbm of usefril loops. Diagrams bai^ <m a 
unifmm current distribution are reasonabfy true, however, as 
can be seen by considming the vector diagram of an array with 
tapering ouizent. Thus 136 shows the vector diagrams for 

an array idong which the attenuation (which will, follow a 
l<^^tiunio law) is such tiiat the current in any loop is 0*^876 of 
that in the previous one. The total vector length has been 
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made the same as the previous Fig. Ill, and. it is clear that 
whereas there is practically no difference between the vector 
diagrams for small angles near the maximum, the vector dia- 
gram with attenuation, instead of wrapping Up completely, 
takes a spiral convolution. This means that although there is 
small difference in the shape of the main figure at no time is a 
complete minimum produced. The smaller tails, however, 
are not so much in evidence and since the back and side ampli- 
tudes are in any case so small ‘compared with the main loop, 
the effect of the attenuated currmit along the array is invariably 
small, the dotted curve in Fig. 137 showing the polar diagram 
for a 16 loop array with tapering current as above. This can 
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be compared with the full curve for the same 16 loops with 
uniform cTuient in Fig. 136. 

A further small point is that the velocify of current along 
the feeder is different fiom that of the wave in firee space, but 
can be allowed for by reducing the dimensions of the array. 
Actually array dimensions are reduced by quite a fair per- 
centage, but for other reasons ; first, to sharpen up the main 
diagram and secondly to control the attenuation along the 
array a reduction of 5 per cent, in dimensions is made for 
arrays aboVe 30 metres, 10 to 15 per cent, for arrays below 30 
metoes and on ultra-ehort waves the reduction may be even 
more than this. 

Considering Fig. 426, which shows a diagram for sixteen X/4, 
loops wi^ attenuated oument, if we reduce the dimensions 
of the loops by 10 per cent, we obtain a dMgra.m as shown in 
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Fig. 137, whereas if we inorease the dimensions 10 per cent, we 
obtain the two wing type of diagram shown in Fig. 138. It is 
easy to see wlqr the diagram alters in this way if we refer back 
to Fig. 1 12o. This shows that the “ end-fire ” polar onives can 
be imagined to be made by the overlapping of the two main 
loops of a bi-symmetrioal diagram coming together. When 
the time misphase is not sufficient to add to the space |diase, 



i.e.*on wavelengths shorter than Ihe spacing, the two loops 
have not yet reached the overlap condition and the wing iiype 
figure is produced. Whereas when the time misphase is made 
greater than the space |ffiase they have more than bverlapped 
and their steep sides are now coming t(^;ether and w produce a 
sharp pointed polar curve, but at ^ expense of greater back 
radiation, and we cannot carry this mistuning too far. As 
miraticmed above, the other advantage in misphasing is that 
because the array is detuned, the current attentoation par loop 
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is less and we thereby can control the current distribution. 
Instead of detuning each loop the same amount we can control 
the current value best by varying the dimensions of each loop, 
detuning the first most and each succeeding loop less and less. 



One interesting point in connection with '* end-fire ’’ arrays 
generally is that practical experience with them has led to the 
suggestion that the transmitting and receiving i^stems are not 
strictly reversible. This has resulted in the building of 
larger arrays for transmission than for reception. That is to 
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say whereas a 15 element transmitting array is used, similar 
arrays acting at a receiving station have been found to be less 
effective andfor tins reason receiving arrays the series phase 
type are usually kept down in length to 10 or 12 loops. 

Energy Gain of Arrays, If the solid polar diagram of 
a directional aii%y is known and that of a single aerial is also 
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known, then by integrating these polar diagrams we can find 
the power which each would use in order to produce the same 
field strength in the required direction, and this power ratio 
(expressed usually in decibels) will be the gain of the array over 
the single aerial. 

Franklin^ estimated originally that the energy gain of a broad- 
side array system would be 9*6 per square wavelength of aper- 
ture surface compared with a half-wave aerial. The easiest com- 
parison to make is to take one plane at a time and compare the 
gain of the array with one of the aerials which go to make it up, 
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as we may suppose in this case that the vertical polar diagram 
is the same for both, since the same aerial height and quality 
of earth is involved. 

T. L. Eckmuley, Oremi, and Southworth, treating specific 
oases, have produced results whidi are in fair agreement with 
Franklin’s, and the curve of i%. 139 gives average values for 
the gain of an array of different apertures. 

It will be sem firom this diagram that the energy gain is 
direotl^ proportional to the array aperture. Thus a 6X array 
has an energy gain of 43 (16 db.) and a 12\ array a gain of 86 
(19 db.). According^, if we a^ a 6X array to an exists 
array of 6X, we shall double tiie energy gain. If, however, we 
have an turay at botii transmitting and receiving ends, tihe 
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total gain of the ayatem is now the product of the array gains, 
not the sum. This can best be seen referring to, the level 
diagram in Pig. 140. Consider an output power of 1 kW, i.e. 
60 db. above a datum level of 1 mW, and an ionosphere attenua- 



tion of 160 db. With no arrays, the level of received tii gno.1 
will be— 90 db., shbwi^ by curve 1. If w© use at the transmitter 
an araay haying a 16 db. gain, we raise level at the trans- 
mitting end, and therefoie at the receiving end, by 16 db., as 
d.own by curve 2. Bad we increased tiie dimawninTiff of tiie 
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transmitting array to 12X, this would havo inoieased the level 
at the transmitting and receiving end only by another 3 db., 
as shown by curve 3. On the other hand, had we left the dimmi' 
sions of the transmitting array at 6X, raising the level by 16 db., 
and used a 6X array at the receiving end, the output level to the 
receiver would be raised by another 16 db., i.e. the total 
gain would have been 32 db. If omni-directional aerials had 
been used at both ends, it would have been necessary to 
raise the transmitter power to 1200 kW, to obtain the same 
level of received signal, as is shown by tracing back the dotted 
line on Fig. 140. 

It might be expected that oalonlated values fcnr the gain 
of an array system would differ considerably from the experi- 
mental figures since a number of rmoertain factors are involved, 
but surprisingly enough, calculated and measured gains are in 
very fair agreement. 

It is found, however, that the effective gain of an array does 
not remain constant but depends upon ionosphere conditions. 
This is because the full gain can only be obtained when we deal 
with a perfeotly-uniform wave front, as it is only then that the 
phase relationhips in the various aerials are correct. Measure- 
ments taken over long periods indicate that only for a small 
percentage of the time is the full gain of the array obtained. 
Fig. 141 showing the average of some results made by Bruce 
on a short wave transmitter in Great Britain as received in 
America. 

The Steerable Antenna (M.U.S.A.). It has been seen 
that most arrays are designed to provide a fairly-sharp zenithal 
polar-diagram having a maximum at a small angle from the 
horizontal in order to receive mainly the low-angle rays which 
have made the fewest “ hops ” and which are usually the 
strongest. The disadvantages attendant upon reception of too 
many of the rays have idready been discussed (see page 114). 
It is evident that if the zenithal polar-diagram is to be fixed it 
cannot be too sharp, since the rays which are moeb jHX>minmi.t 
and useful vary in their angle of uzival. The M.U.S.A. 
system, which has been developed by the Bdl System Laboca- 
tcnies and is shortly to be in permsnent use at both, ends the 
transatlantio telejdione service, employs a long line of horismittd 
rhombic arrays and is'>cai»ble o£ very great dixectlvtty m 
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both plaoes. The Tertaoal polar diagram is, however, instantly 
varied by eleotrioal adjustments at the receiver and may there- 
fore be adjusted to suit the varying conditions. 

An outline diagram of the arrangement is shown in Fig. 
142. Let us concentrate our attention upon a ray arriving 



PER CENT OF TOTAL TIME 
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at some angle Q. This will arrive at (2) at a time — secs. 

c 

later than at (1) (where c is the velocity of the wave in space). 
The distance along the feeder from (2) is d metres less thae 
from (1) however, and hence, if the vdocity of the wave along 
the fee^ is v, the voltage at the reoeiver provided by (2) 

will lead on that frwn (1) by - — secs, and the phase 

* V c 

an^ betweep Ibe itoltages is therefore 

„ ,/d doosd\ 

2ir/l 1 radians. 

' \v c / 
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Similarly, the voltage from the nth aerial will lead on that 
from (1) by 

2 irf ^ {n — 1) radians. 

If we now provide phase-shifting arrangements in each 
feeder at the receiver end, we can compensate for the phase 
differences so that all the voltages add up in phase and produce 
the maTimum possible resultant. This compensation wiU, 
however, only apply to the ray at the angle 6 and hence this 
ray has been selected from others which may be present, 



and evidently, by altering the phase-shifts, any ray can be 
selected. Two or more separate phase-shifting arrangements 
can be provided so that several rays can be selected and later 
combined, though farther phase adjustment will be necessary 
before combination because the different rays will have 
travelled different distances. 

It win be seen that tiie amount of phase-shift required 
depends upon the frequency of the signal, in the simple system 
we have described. For this reason and also because it would 
be very difficult to control the phase-ehifb at short wave 
frequencies, in the actual equipment used the phase shifting 
is earried out in a later stage of the receiver where the 
frequeniTy is fixed. The method used is described in outline 
on page 494. 
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Arrays for Ultra-Short Waves. The types of array 
which have been discussed are used for waves from, say, 3 to 
10 metres as well as for short waves and it naturally becomes 
easier and cheaper to produce a very sharp polar diagram as 
the wave length is reduced. 

For waves of the 1 metre order there would be great difficulty 
in carrying out the adjustments required in order to obtain 
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correct phasing and termination. Losses in, mid radiation 
from, any complicated feeder system are also likely to be 
serious. It is, therefore, much simpler to use some form of 
parabolic reflector, with a single aerial at the focus. Marconi 
and Mathieu employed the arrangement shown in Fig. 143 
on a 60 cm. wavelenjith- This gives a very sharp aenithal 
polar-diagram, but 1116 horizontal polar-diagram is merely that 

of a - aerial and is, therefore, broad. To sharpen up the 
2 
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horizontal diagram, if necessary, other parabolic arrays are set 
up alongside, each being fed from its oxm transmitter. This 
design avoids difficulties due to windage which arise if a solid 
structure of reqriisite dimensions is used. For the still shorter 
17 cm. circuit across the Straits of Dover, Standard Telephones 
and Cables, Ltd., employ arrays which closely follow optical 
principles. An aluminium, paraboloid reflector of 18X aperture 


is used,. with a ~ aerial at the focus, as shown in Fig. 144. A 
2 


hemi-spherical mirror is mounted in front of .the aerial, so that the 
energy leaving the aerial in a forward direction shall be directed 

back on to the main reflector and 
hence into the beam. In order to 
ensure that the radiation redirected 
in this way adds in phase with the 
remainder, the diameter of the hemi- 

eq»hete must be a multiple of ^ • 

The gain of the whole arrangement 
is about 30 db., and the sharpness of 
the beam such that turning the 
reflector through 3° brought the 
received signal down by about 10 db. 

Yagi and Uda have evolved a 
different type of directive system, 
which they have named a “wave 
canal ” (Fig. 145). An arrangement of three (c^ sometimes, five) 
parasitic aerials fcHcm what is termed a “ trigonal reflector,” 
which strengthens the radiation along the line of “ directors.” 
It was seen (p. 207) that by adjustment of tunipg and spacing 
a parasitic aerial could be made to act as a reflector or director 
— ^Yagi used directors having a natural frequency higher than 
that of the wave be^ transmitted and found that a line of 
such directors, suitably tuned and spaced, produced a sharp 
polar-diagram with its nuudmiun alcmg the director line. 

Such an array couM, of course, be used on any short wave- 
Imtgth but was actually mnidoyed on 6 or 6 metres. 

Witii wavelengths below one metre, an altmiative to the 
parabolic reflector is the directive horn, which is similar in 
{nrindple to the acoustic horn. 




iLEBIAL ABBAYS 


247 


Such homs ace particularly suitable for use as the radiating 
element at the end of a dielectric wave-guide and the figure 

TRIGONAL 

reflectofTr^^ 

DIRECTORS D ©A 

o o o o o O 

AERIAL^ O 

TtouBB 145. 

shows an arrangement (due to Southworth) suitable for a 
23 cm. wavelength, when the Hj type of wave is propagated 
along the cylinder. The polar diagram is seen to oomi>are 
favourably with the polar curve of a good array system. 
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Thb name “ push-pull ” is given to those drouits impulsed 
by two valves arranged differentially. Of course it is not 
necessary to employ two valves to obtain a push-pull action, 
nor does the name adequately describe the circuit to which 
it is applied, for it is possible, with small modifications of such 

a two-valve drcuit, to produce 
a variety of effects, some of 
which are not push-pull in char- 
acter. Push-pull circuits have a 
number of uses on short waves, 
both in transmitting and re- 
ceiving work, and an analysis of 
one stage of a general form of 
amplifier will indicate their 
operatian for most cases, the 
spedal circuits being trdtted 
separately in other chapters. 

Let us consider first a single-valve, amplifying stage as 
shown in Eig. 147, where AB is an input drcuit of suitable 
design; the vidve, and XT a suitable output circuit. 
Suppose an E.M.F., to be iminessed s<»oss AB. If the 
static grid-bias is such that the v^ve can operate wholly on 
the straight part of its characteristic, which implies freedom 
from grid current and bottom bend curvature regions (ae shown 
in Fig. 148), the resulting anode cuiimxt wiU impulse XY to 
g^ve distortionless output, whereas if the bias is set sufficiently 
neig^tive the impulse will be in one diredaon only, for in this 
case the feed current will be partially or wholly rectified, as 
sho:^ m Fig. 149. 

The first type of amplificaticm known as Class A will give a 
pudi-puU actimi on the oqtput, and would reproduce fruthiidly 
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the waveshape of the input signal, whereas the second type, 
known as Class B, is non-linear, and this would naturally lead 
to the introduction of harmonics in the output. Only as long 

2 as the characteristic of 

_ _ y the system is wholly 

9^®* "r I — A”H"Tl linAar xpill f.hA AffAnf. Via 


_ _ y the system is wholly 

9 la --- yT/rTf /rjlH linear will the effect be 

^dynamic;) /_IJl M M M M purely push-pull ; thus 

/ I THT TliJ with a single valve (or 

paralleled valves con- 

I TIME nected as for a single 

1 j valve) adjusted for 

L. -• ^ "** ' g push-pull working a 

— ^ ' quiescent value of 

-- ^ anode feed must be 

provided of value at 
I T aa least equal to the peak 

A.C. required, in fact 
Fioitks 148. more, because of the 

bottom bend of the 
characteristics. Besides being wasteful, this D.C. feed may 
not be desirable if it is large and has to flow through the 
windings of the output circuit. 

We will now consider the addition of a second (similar) 
valve to the above drcuit, the - . 

arrangement being as shown in ^ 5 la Q^YNAMIO/ _ 
Pig. 160, which is the general u „ 

form of push-pull circuit. If 

we have similar input and out- -- ■ yr iiakr-hftTt— 

put drouits to those used with , J | 

the single valve, then in order 

to cmmebt in the second valve _ E g 

it will be necessary to bring _ ' 

out omtre tappings from each _ 

circuit as shown, the input 

being connected to grid-das Sunms 148. 

and filament, a^ the output 

being oonneoted to H.T. and l»<ok to fllunent. 13us leads 
to an arrapgeoumt' being produced which is symmetrical in 
every way, toduding electrostatic oapadty effects fiom all 
parts of the circuit to earth. 


^slaC^NAMld 
CURVE y^ 
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Let us examine the operation of this push-pull circuit, 
assuming that the valves are set on the straight part of the 
characteristics so that the feed through each is equal, “ a,” say, 
as shown in Eig. 151a. Since the source of H.T. is connected 
to Z, the centre point of the output circuit, the main feed (of 
amplitude “ 2a ”) divides at this point, and the feeds to each 


valve flow in opposite directions through the output circuit. 
Thus as long as these feeds remain equal or change equally no 
A.C. output can result across XT. But any inequality of 



feed to the valves results 
in output, and a fall of 
current through one valve 
directly assists a rise of 
current through the other, 
since the feed currents are 
flowing in opposite direc- 
tions through the output. 

Turning to the input 


Fraumi 160. considering the 

application of a signal, it 
will be seen that the volta^ of each valve can be o^y 
half the total input voltage, and hence, from a given 
available E.M.F., each valve of a push-pull combination can 
get but half the input volts a single valve could get. Any 
input to AB acts diflerentially on the grids of the two valves, 
however, the voltage on grid 1 rising less negative as that on 
grid 2 rises more negative, and vice versa. This means 


that the feed to valve 1 will flow in opposite phase to the feed 
to valve 2, and, as explained above, such effect will be additive 
in the output drouit. If the valves are set on the straight 
part of their qharacteristios, each valve will have a push-pull 
action on half the output. Thus in Fig. 161a, if F/, are 
the dynamic curves of valves 1 and 2, the signal voltage 
apjdied to input AB is as shown by F^, F^ and this voltage 
causes anode currents to flow in antiphase, as shown by /^i, 
/g, (full line). But sinoe act differentially on XF, 

in mdmr to get the resulting output we must reverse one of 
tiwse currents, as shown by (dol^ line), and the resulting 
current is as shown by Jg. 

If tiie valves are each laassed n^atiye so as to eliminate 
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the D.C. feed, we still get a push-pull action, provided the 
static bias is above the bottom bend ; for in this case No. 1 
valve will “ push ” for the first half cycle of signal, when its 
grid goes less negative, and No. 2 valve will “ pull ” for the 



FtOVBB Ifil. 


second half cycle of signal, when its grid goes less native. 
The fact that thfse is partial or complete rectifioation of the 
feed to each vidve will make no difference to the push-pull 
action (provided the total effective charaoteristio remains 
substantiid]^ linear), except the un^tnde of output will be 
reduced, as shown in Pig. 161b. * 
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It is, of course, essential that each valve shall have the same 
constants, and, farther, we cannot bias the valves to the cut- 
ofi point, but only above the bottom bend, so that the total 
characteristic is Mear. If the swing on each grid is limited 
to a value which avoids the grid current region such an amplifier 
is often' called Glass AB, because its overall performance 
comes imder Class A, but each valve is operating under Class B 
conditions. 

If the valves are set back beyond the cut-off point, the feed 
no longer follows the signal waveshape, and harmonics are 
introduced into the output ; with this difference from the 
sin^e valve circuit, namely, that no even harmonics are 
present, since the impulse from the second valtre is always in 
such a phase as to prevent them. 

Before oontinaing it 'will be desirable to make a comparison 
of the amplifying properties of a straight single-valve cirouit 
with the pash-puU arrangement, considering two oases, firstly, 
with a definite input signal, and secondly where one has 
unlimited input. 

Consider an amplifier having a total gain of 30 db. This is 
relative gain, the actual output depending upon the voltage 
of input, which in this case is the whole of the incoming signal. 
If we assume this to be 1 millivolt, our total actual output 
voltage is 31 '6 mV. 

Considering the push-pull arrangement, if we assume our 
output drcuit is changed to produce an impedance across each 
valve similar to that used witii the ain^e valve, each half of 
the dioait can give as much stage gain as the sin|^ valve. 
Thus one might imagine that if each half can give the same 
gain (say 30db), the total gain will be doubled, since they are 
both operating on the output. But the actual output still 
depends upon the actual voltage applied to each grid, and since 
this can (miy be half the applied signal voltage, the actual 
output is but the same as with the sins^-valve arrangemmit. 

From a given available input, thm, the push-pull drouit 
gives no greater amihfioati<m than a single-valve system. 

If, however, we can provide unlimited input, such as in a 
teamouitting drcuit where large power output is the first 
oonsideitatkm, the case is different. Hd» we axe prhnarily 
interested in powor-ocmversibn &om jyjS./JLiH., and 
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being able to obtain this with a minimum emission cuirent. 
If we have a single valve whose available emission, excluding 
bending of chara>cteri8tic, is “ 2a ” say, then to obtain undis- 
torted output of a signal we should need to set the valve to 
pass a steady feed of “ a,” and the valve limits the output 
current to a peak amplitude of “ a.” To obtain this change of 
current and voltage a grid swing of Eg will be necessary, and 
with such an arrangement the maximum theoretical con- 
version efficient cannot exceed 50%. 

Turning to the push-pull arrangement, if each valve of the 
push-pull circuit is biassed to near rectification, each valve 
has an available emission of " 2a,” hence the total available 
emission is “ 4a,” and we can obtain undistorted output to 
a peak amplitude of “ 2a,” provided the input grid swing is 
increased sufficiently, and each valve can now operate to a 
theoretical conversion efficiency of 72%.* 

Exactly the same output could have b^n obtained, of course, 
had the two valves been paralleled. For the total available 
emission is still “ 4a,” just as the push-pull case, only now we 
would need to pass a steady feed of value “ 2a ” through the 
valves in the quiescent condition, but the conversion efficiency 
of each valve is still <mly 50% theoretical, and therefore valves 
having a greater anode dissipation would be required. On the 
other hand, the same output could have been obtained with 
approximately half the push-pull input voltage, because 
paralleling the valves improves the effective mutual con- 
ductance, whereas putting them in push-pull does not. 

Rectification. It is fairly obvious from what has been 
said that so long as a push-pull system remains symmetiical 
no reotifioatifm of waveform can take ffiace. Any waveform 
applied to the input AB results in amplification at the output 
XT, and the static biassing of the Valve grids will not alter 
this push-pull action, although it may introduce' distorticm. 
We may say, therefore, that with a pure push-pull circuit it is 
impossible to rectify, and if we hate a push-pull amplifier 
receiving a hi^ fiequenoy wave whose envelope it is dedred 
to extinct, since rectifioatimi, is essenti^ for selecting the 
modulating (mmponent, we must oons^r methods available, 
all them intblviDg the unbalancing of the system. 

« XiM «Bloimdw diuwwd ti Cauptw 
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Unbalancing tiie Circuit. The drouit can be unbalanoed 
by setting one valTe to Saturation and one to zero, but this is 
not usual. A better method is to connect both anodes to- 
gether and to one end of the output drouit (as shown in Fig. 
162) and taking the common feed to the other end. Then if 
both valves are biassed to the bottom end of the charaoteristio 
each valve rectifies alternate half cydes of the input and a 
rectified wave is produced. In this case the two half cycles 
follow one another and rectification is of the full wave type, 
as shown in Fig. 163. 

It may be noted that the rectification efficiency of either 
method is the same theoretically, but the second arrangement 




VALVE 2 

JIAH 


VtaoKB 168 . 


is preferred, as the first involves a high feed and is therefore 
undesirable. 

Beat Rectificatioii. The spedal case of continuous 
wave detecticm or frequency changing by interference can be 
carried out by either of the above methods if the heterodyne 
is added to the input AB with the signal. A more effident 
method of rectifying C.W. presents itself, however, which 
involves the use of the common mput to thb two valves. 

We have, as shown in Fig. 164, a drouit in winch thmre are 
two inputs, l and 2, and two outputs, 3 and 4, all oomnum to 
the two valves. 

Input 1 aoto diffisrentially on ^ system* and it has been 
shown that this input with output 3 forms the push-pull 
drouit proper. From the push-piffi input 1 no output sfpears 
at ^ as the eurrent flows oanodL Now the inpcd* 2 acts 
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in parallel to the system, not differentially, and obviously 
any parallel impulse of the valves will lead to opposite currents 
in output 3, and additive currents in output 4. Thus input 2 
gives output at 4, and this is a straightforward parallel valve 
circuit with which we are not concerned at the moment. 

By itself any input at 2 is imable to influence the differential 
circuit 3, but if an input is applied simultaneously at 1, output 
win result. 

For instance, consider a high-frequency signal applied to 
input 1, say a high-frequency C.W. telegraph dot, and a 



1 - DIFFERENTIAL INPUT 

3 - .. OUTPUT 

2 - PARALLEL INPUT 

4 “ « OUTPUT 

ItoVBB 164. 

heterodyne of frequency “/” applied to input 2, and for the 
moment let the heterod 3 me frequency be the same as the high 
frequency of the incoming signal. By itself the heterodyne 
will have no effect on the difterential output 3, but with the 
signal the circuit becomes unbalanced, and an output will 
appear at 3 provided the valves are set to rectification. 

For instance, the parallel input if in phase ^tb the differential 
input to valve 1, will be out of phase with input to valve 2. 
This means valve 1 will pass additional feed for the period of 
time of the dot eavelojie, «uid valve 2 passes less feed for 
the same p^od, and these effects ate additive in output 3, 
as shovm in 1^^. 166 and 166, Of course a change of phase of 
ISO* of cme input would simply reverse the adion, and in tliis 
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case valve 2 would have increased feed and valve 1 less, and with 
such phase conditions if the signal amplitude was the same as 
the heterodyne amplitude the feed through one valve would 
be proportional to double the signal amplitude and through the 
other zero, during the period of the dot. If the phase differ- 
ence between the inputs is not 180°, output at 3 may still 
mature, but the amplitude resulting will not be so great. 



FtavBB 165. 


noma 166. 


If the two valves are set on the centre of their characteristics, 
there would be no signal envelope rectification at all, as the 
average carrot through each valve remains the same, var 3 nng 
at high frequency only, as shown in Fig. 106, but if each valve 
is biassed to the lower rectification point, as shown in Fig. 106, 
change of average feed at the signal frequency results, and ilie 
envelope can be extracted provided the circuit in output 3 is 
snital^. 

Thus by blaming a push-pull citouit to zero, or to any pmnt 
where there u atymmetey of chaxaoteiistio, we can, by a^^^ying 
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a local heterodyne to the parallel input 2, upaet the balance 
of the circuit and obtain the signal envelope in the push- 
pull output. If the local oscillator frequency is changed to 
produce audible beats with the incoming high frequency, the 
telegraph dot signal, now modulated at the beat frequency, 
appears in output 3 in the same manner as before. Thus for 
circuits where the frequency is changed, or for final detection 
of a C.W. telegtaph signal, if a heterodyne is supplied to 
the parallel input 2, the incoming signal is automatically 
rectified, and tUs rectified beat may be taken out at the push- 
pull output in the usu^ manner without upsetting the btdance 
of the circuit by direct unequal biassing. 

If dMerent firequendes (say and /i) are applied to inputs 
1 and 2, and the valves biassed to the rectifying point, fre- 
quencies as shown in the table below will be found present in 


outputs 3 and 4. 



1 

2 

3 

4 

/ 

Nil 

/, odd harmonics 

even harmonics 

nil 

/ 

nil 

/ and aU harmonics 

hand ft 

Nil 

fi, /, and odd 
harmonics 

even harmonics 
and (fi+ft), ifi—ft) 

h 

/j 

(/i — '/i)* (/i+/«) 

ft and odd harmonics 

/, and all harmonics 
evefi harmonics /, 


Special Uses of Push-Pull Circuits. Most of the fore- 
going discussion suggests that push-puU drcuits have somewhat 
negative virtues, and the reader is probably at a loss to under- 
stand in what particular field push-pull is of use. 

This can be explained best by outlining the various special 
push-pull drcuits that are in common use on short waves. A 
first point that has already been mentioned is symmetry of 
drcuit. For very short waves this is the most important 
feature of the push-pull drcuit, as a s 3 mametrioal arrangement 
of amplifier can be balanced for zero fe^-baok, and balanced 
to earth, but tiiis particular utility of push-pull is folly treated 
in the chapter oh “ Uriven Gfrouits,” and need not be discussed 
here. 

It has been sho^im that beat rectificaticm can be carried ou^, 
nring the pandlel input for t^ local frequency source, and 
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the differential input for the signal, the beat appearing in the 
differential output. 

This drouit arrangement is of very considerable utility, 
both for the ordinary beat reception of a high-frequency wave 
and for specialised circuits such as line “ tone sending,” where 
a local tone normally suppressed in the quiescent signalling 
condition is keyed to line by the incoming signal upsetting 
the balance of the circuit. 

In all cases the utility of the circuit Ues in the total suppres- 
sion of the local frequency source, except when the signal 
appears. 

Ordinary high-frequency, beat-rectification provides an 
excellent illustration. It is very noticeable with a single 



valve rectifier and local hete^yne arranged for beat reception, 
that directly the heterodyne is switched on the S 3 ^tem becomes 
noisy. This, is due, not only to heterodyne variation, but 
“ pick-up ” on the heterodyne modulating it, this giving, not 
a pure effective D.C. in the output, but a modulated output. 

With the push-pull arrangement, pick-up by the osdUator 
or variation due to change of filamoat, anode voltage, etc,, 
have no effect because of Uie balance. Hence with this drouit 
the switching on of the local heterodyne does not produoe a 
noisy condition. 

A push-pull rectifier arranged for tcme smiding is shown in 
ilg, 167. The tone, whose value is mrronged to suit the UnOi ray 
between 500 and 1,600 oydes, is coupled to the input 2 (see Eig. 
164), and on ” space ” no output appears; But on ‘‘ mark ** 
the drenit balance is upset, and a “mark ’Vtoaae-osodalated, 


PUSH-PULL 


261 


passed to line. The carrier-suppression circuit is very similar. 
The carrier is coupled to input 2 and the modulation to input 
1, the side-bands only appearing in output 3. 

Suppression of Second Harmonic. If the true push-pull 
circuit is considered, i.e. differential input and output, it is 
clear that any wave applied to the input is reproduced in the 
output as long as the total characteristic is linear. 

If a large negative bias is put on the valves to out off the 
feed of each valve during more than half a cycle, although 
harmonics are now introduced, because of the distortion of 
the feed current waveform, the differential action tends to 
produce a symmetrical wave, and thus even harmonics are 
eliminated. This is shown by the wave shape in Pig. 168, 
where “output” represents the resulting current from a 
push-puU circuit biassed back to a very negative value. 

The importance of this circuit is found in high-frequency 
driven transmitters which operate with a large negative bias 
and give a flick impulse to the output. With single valve 
circuits the currmt wave from 
a single flick has a strong 
second harmonic, and this, if 
radiated, can cause interference, 
but the push-pull circuit auto- VALVE 2 
matically overcomes this un- 
desirable feature. • 

Frequency Multiplication. 

The subject of frequency mul- A A 

tiplication is a most important IT if^ ll 

one in short-wave working, 1 / 1 / 1 / 

because it is often much easier FtouBs 168. 

to obtain certain effects at a 

lower frequency and multiply the resultant up, rather than 
obtain those same ^ects mi the high frequency directly ; 
examples are found in constant-frequency drives and in single 
side-band working. 

In ocmneotian. wiili this subject, one important point, which 
is often mhsed, is that to produce harmonics one does not 
need the original frequency-source to be rich in harmonics. 
La fad) in moist owes it is dedralfle that the original &equenoy 
should be fairly pure in waveform, the |M?odoction of multiple 
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frequencies, i.e. hanuonios, being solely a function of the 
asymmetry of circuit through, which the wave is passed. A 
rectifier valve naturally lends itself for this purpose, and this 
is the simplest form of frequency multiplying device. Con- 



sider the circuit of Fig. 
147, where 22, shows a 
triode valve backed off to 
any desired negative, and 
Zg an output circuit of 
the fiywheel t 3 q)e, whose 
resonant frequency can 
be varied from a value f 
to multiples of /. Let 
an input pure tone of / 
cycles be applied to Zj. 

If the valve is biassed 
to the cut-off point, cur- 
rent only flows through 
R, each half cycle, and 
the waveform of this feed 
current is a series of half - 
sine waves. Now it is 
clear that such a wave- 
form is rich in harmon- 
ics, particularly a second 
(twice/) ; the third and 
higher harmonics are also 
represented, but less 
strongly ; hence the tun- 
ing of the circuit to the 
different harmonics pre- 
sent in the impulsing 
feed will lead to the 
output being energised 
in proportion depoident 


upon the relative strength of the harmonics in the feed, and 


the efficiency of the pick-up circuit. 


Generally speaking, at Inas rather greater than cut-off 
gives a starong double frequency (second) and a less Js^rong 
third, the lattar being increased in strmigth as tlm is 
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made more negative. Although a very large range of har- 
monics can be picked out from such a triode circuit the higher 
values are small in amplitude, even if considerable bias is 
used. With triode valves, it is not usual to obtain more than 
five times the fundamental from any one stage (however much 
multiplication is desired eventually), except for the purpose 
of certain measuring apparatus, where no appreciable power 
is required, and the presence of other harmonics is not detri- 
mental. If pentodes are used a larger range of harmonics 
is usually possible. 

For doubling purposes, a single-valve drouit is not the most 
efficient arrangement, because the output is only impulsed 
every other cycle. But if a two-valve circuit is arranged with 
push-pull input, and parallel output, as shown in Fig. 152, and 
the valves biassed to somewhat beyond cut ofi, a more efficient 
doubling arrangement results, for now the valve output 
circuit gets an impulse every cycle of its swing, as shown in 
Fig. 153. In oases where the input is allow^ to run into grid 
current the circuit has an additional advantage over the single 
circuit, namely that the input is not asymmetrically loaded, 
this being bad because it tends to vary the original frequency- 
source. The arrangement just mentioned is suitable if the 
frequency is not too high, but with very short waves the 
unbalancing of the circuit by paralleling the valve anodes is 
not to be recommended, for, as explained previously, symmetry 
of circuit is the filrst consideration. Doubling can be obtained 
whilst still keeping the symmetrical push-pull circuit, by dis- 
connecting the filament of one valve (one lead only), thus 
obtainii^ a single valve doubling cirouit, the second vfdve 
acting as a capacity to preserve the bridge balance, this being 
explained in Chapter X. As already shown with a difieren- 
tial arrangement of two valves it is not possible to frequency 
double, except of course by unbalancing the feeds, one to 
saturation and one to zero, which is not. desirable. 

Both the meHiods indicated Me used, the first on the earlier 
stages when multiplying from a low frequency such as a tuning 
fork ; the second for very high frequencies. To obtedn three 
times the frequency of a wave, the proper push-pull cirouit 
can be used, with both valves operative. For if this drouit 
is backed off to well beyond the reotificaticm pdnt, the 
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impulsing feed is as sho\m in Fig. 168, and such a waVe has a 
third harmonic very strongly represented (see Fig. 24). 

Triodes, tetrodes, or pentode valves can be and are used 
for frequency piultiplying circuits, the last named usually in 
the earlier irti^ges. If biassed sulBSciently negative pentodes 
can be employed to produce harmonics up to the 9th efficiently. 

Triode circuits, which need anti-reaction balancing devices, 
are more normally used in the later and higher power stage. 
Fig. 169 showing a frequency multiplying circuit of typical 
design employing both triode and pentode circuits. Note, 
that in both oases decoupling chokes or resistances are desirable. 
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FOWBB AMPUIXBBS 

Vajjvb transmitters may be divided into two types, self- 
osdllators, and driven oirouits, or power-auuplifiers as they are 
often called. The self-oscillator is but seldom used on short 
wavelengths except for small power transmitters, and the power 
amplifier is now almost universal. The general principles on 
which power amplifiers are built are much the same whatever 
the frequency, but there are, in short-wave working, several 
features that call for special attention. 

The object of a transmitter is, of course, to produce high 
frequency power, modulated in accordance with the signal to 
be transmitted. 

We desire that the power radiated should be of constant 
frequency and that all the modulation frequencies should be 
reproduced in their correct relationships. Since the power 
involved may be considerable, we are also interested in the 
power efficiency of the transmitter. 

A transmitter will generally include the following features : 

(1) A driving source of constant firequency. This may be 
of the same frequency as finally radiated or an exact fraction. 
In the latter case, a series of fiiequenoy-multiplying stages will 
be necessary and will usually form part of the master-oscillator 
unit proper. Ttmse multiplying stages may or may not 
amplify as w^. 

(2) A chain of amplifier stages employing triodes, tetrodes 
or pentodes, working at the ^quem^ to be radiated^ each 
succeeding stage being of increasing power. 

(3) Methods for stabilising the various stages. With triodes 
this will take the form of smne balancing tQnstem to diminate 
the feedbiK^ of enragy throng the intm^lectrode capacities 
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of the valve. With tetrode and pentode valves such a pre* 
caution generally becomes unnecessary. 

(4) The feeder circuit, coupling the final amplifier to the 
aerial load. 

(5) The keying or modulation system with its attendant 
“ buffer ” or isolator stage. 

Leaving for the moment the driving source, and the fre- 
quency^multiplying stages, both of which are dealt with in 
other chapters, one stage of the amplifier proper will be 
considered. 

We will deal first with the important question of power 
conversion at any one stage, it being remarked that although 



transmitters may employ either triode, tetrode or pentode 
valves, from a power conversion point of view, it is largely 
immaterial which type is used. This will be shown later 
when both types of valve are discussed. - 

In Fig. 160 a stage of amplification is shown schematically, 
the problem being to deliver a given H.F. power to the output 
load renstmioe indicated by R at a frequency with least 
loss ; B representing either the loading of a following stage 
or the finid feeder and aerial load. The anode tuned circuit 
(L.C.) is usually termed a “ tank ” cirouit because one of its 
functions is to rtore energy during parts of each cycle, so 
that a sinusoidtd voltage is maintained across it even if the 
valve anode current is vocy distcuted. 

If we assunoe a fiequemy ~ applied to the grid of tiie valve 
and tile tonhig adjusted to bring the loaded tank oircmit to a 
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unity power factor condition, then the load on the valve is an 
equivalent resistance of 

a)*L» L 

. . . . ( 1 ) 

(cdnce 1) 

The term Rj, includes the tank-circuit resistance Rgo and 
the effective resistance thrown back into the tank circuit from 
the output loading circuit. 

Leaving for the moment the important question of the 
distribution of power in tank and output circuits we can see 
that from a power-anal 3 nBis point of view we may regard the 
loaded tank circuit tuid load as replaced by an equivalent 
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resistance R, as shown in Fig. 161, from which the phase 
relationship of anode current and volts may be observed, the 
grid not being considered for the present. 

If a current I, flom in the circuit we have the following 
conditions : 

Supply volts E»=oonstant. 

Resistance volts Rf—Ia R^ 

Anode volts, Ea=Ei—Ia R,. 


Now, without any change of supply volts, we can change 
the feed current I, by an alteration of grid volts ; further, 
since the load is a resistance, any change of will be in phase 
with E^ If, then, we increase the grid voltage in a positive 
dizeciaon, we inetease /„ and any increase of O^eadiag to 
an increase of i?,),ihuBt be accompanied by a decnease of E^. 
Also, of course, tte reverse will hold ; if the grid is made less 
positive, la wiQ fall, and a Crease of X, is accompanied by 
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an increase of E,. Thus, with such a resistance load, the 
phases of anode and grid volts and anode feed are as follows ; 

Anode voltage (E,) in phase opposition to grid voltage (E,). 

Anode current (/„) in phase with grid voltage (E,). 

Anode current (/,) in phase opposition to anode voltage (E^). 

Anode current (/,) in phase with load voltage (E^^,). 

These phase relationships will be the same whether the 
load is a pure resistance or a parallel-resonant circuit, with one 
important difference. The D.C. voltage drop in the resonant 
drcuit being negligible, the voltage across it is purely alter- 
nating and not an alternating voltage super-imposed on a 
D.C. voltage as in the resistance case. Hence the voltage 
across the valve can rise above the D.C. value during part of 
the cycle, as shown in Eigure 162, since the valve voltage is 
always the difference of supply voltage and anode load voltage. 
In practice the valve voltage rises to approximately twice 
the supply voltage. 

In addition to the phase relationships in the valve itself 
which we have just discussed, we have also those of the 
osdllatoiy circuit currents Ii and Iq and voltage E^c which 
are well known and are those of the ordinary parallel-resonant 
circuit, namely : 

1 1 , in quadrature (nearly), lagging on Ej,q 

Iq in quadrature, leading on Ex,o 

I, the “ make up ” current, in phase with E^o. 

These phase relationships, shown in Fig. 162, may be considered 
M correct as loi^ as the driving frequency is such that the 
output circuit is, effectively resistive in character. 

To obtain maximum output, the load resistance will not 
require to be equal to the valve A.C. resistance, except in the 
special case when the valve current and voltage me sinusoidal, 
with no grid current and (mly 'a small amplitude of grid voltage. 
Hus is not usually a practical case, as both effidenoy and out- 
put are low. 

Power Outfmt. In all high frequency power work we 
set the system fmr maximmn output c«mdid(ma rather than for 
maximum effidenqjr- 

In ordmr to obtahr the greatest output for a given A.O. grid 
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voltage and intli smusoidal anode current and voltage, the 
load resistance would require to be equal to the A.C. resistance 
of the valve. This is not usually what we require, however; 
in power amplifiers, and the load resistance is settled from 
quite other considerations and is not directly related to the 
valve resistance. 

In practice we cannot afford to avoid the grid current 
region, as it would reduce our available swing of anode volts 
and current, and limit the useful characteristics of the valve ; 
and hence the amplitude of A.C. voltage on the grid (usually 
termed “ grid swing ”) will be made great enough to vary the 
anode current from zero to the filament current saturation 
value ; further, we never work sinusoidally, but with a flick ” 
type of impulse, to be described later. Under these conditions, 
the correct load resistance to obtain maximum output is 
much lower than the valve A.C. resistance, and it is rather a 
question of utilising as much of the available voltage and 
current as possible. 

The anode-current/anode-volts characteristic curv^ of a 
typical transmitting valve is shown in Fig. 163, where the curve 
for + 250 volts on the grid represents the “ limiting edge ” 
of the characteristic, so-called because curves for larger grid 
voltages will lie almost on top of this curve for which practically 
the whole electron emission from the fllament reaches either 
the anode or grid. It will be seen that the available fllament 
emission -current in this valve is one ampere. 

We will flrst discuss the best adjustments on the assumption 
that anode current is to flow during the whole cycle, that is, . 
the alternating component of the anode current will be approxi- 
mately sinusoidal. 

If the one amp^ anode current could be obtained when 
the anode volts were zero, then the load line should terminate 
at ig — lA, Cfl » 0 and if the D.C. supply voltage is flxed at 
6,000 volts then the loadline should be a straight line to 

sr 0, e, = 12,000 volts, so that e, varied between 0 and 
12j000 volts. Such a load would utilise to the fullest extent 
the available emission and supply voltage. We are assuming 
that tins ad(justmart is posable without exceeding the per- 
miaaible anp^ dissipation. 

The actual (fliaraoteristio shows, however, that lA owouDOt 
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be obtained mth lees than about 1,000 volte on the anode and 
hence can only usefully vary between 1,000 and 11,000 
volts, the amplitude of the alternating voltage being 6,000 
volts. The best load line is, therefore, 7, a„ d«, and in this 

, , . , . « 6,000 

case womd represent an eqmvalent resistance B, = ^ , ■ = 


10,000 ohms. It will be seen that the mean anode current 
is 0*5 A and hence the input power is 6,000 X 0*6 = 3,000 W 
and is represented by the rectangle a, a,, 0. The R.M.S. 


value of the alterating anode volts is 


6,000 


and of the current 


is 


0*6 

VT 


hence the alternating power output is | x 5,000 x 0*6 


=1,250 watts, represented by half the area aj a, d, and the 
efiGicienoy is 42%. 

It will be seen that the smaUer the minimiiTn anode voltage 
at which the full anode current can be obtained, the greater 
is the efSdency, the theoretical maximum being 60% when 
this voltage is zero. Most transmitting valves are designed 
so that when the maximum emission is being utilised, the 
minimum anode voltage will be some 10% to 20% of the 
D.C. supply voltage, this giving an empirical rule as a 
basis of design calculations both for long and short wave 
drcuits. 

These mguments apply whether a triode or a pentode valve 
is to be used. The only difference is in the expenditure of 
energy required in the grid mput-cirouit to reach the peak 
emission point. In the triode case we have to run into grid 
current for a considerable portion of the grid cycle, thereby 
requiring much power from the previous stage. This will be 
seen by studying the curve of Eig. 163. In the pentode 
case the zero grid-voltage curve is near the peak-emission 
curve, and hence very little grid power will be required (see 
Fig. 176). 

We can understand eadly how the power conversion will 
f^'away with other values of for if the resistijnce is lowered 
we lose voltage swing (steeper load oharacteristio), whereas 
if it is raised we lose current swing (flatter load characteristic). 
With praoiaoal tuned circuits the matching to obtain maximum 
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output is easily accomplished, by arranging the value of 

CO* 

— of the tuned circuit to be correct. 

Circuits should not be tapped down as the tank circuit 
losses are increased thereby. 

Class C or Flick *’ Impulsing. A difierent type of 
adjustment, by which greater efficiencies may be obtained, 
will now be discussed. In the case of a parallel-resonant 
circuit the volthge across it and the current circulating in it 
remain very nearly sinusoidal even if the current entering it 
departs very much from a sine-wave form. 

As explained, the parallel-resonant circuit acts like -a fly 
wheel and its efficiency as such will de^nd upon the ratio 
between the energy oscillating in it tmd the energy dissipated 

hVA 

in it per cycle, that is, upon the ratio or the Q value. 


• fa ^ 

smce — /• iJ — 


The smaller this ratio the greater 


the efficiency of transfer from tank to output but the greater 
the harmonic content. 

A special case of flick ” impulsing which we will term 
“ dass B ” is that in which the anode current is flowing for 
180° of each cycle and consists therefore of half-sine waves. 
The load line will then be F d, The equation for a series of 
half-sine waves is : 


Isi!? FA Sine — - Cos 2B 
2 L TT IT 3 




The first term is the B.C. component and, when multiplied 
by the supply voltage, gives the input powmr. The average 

current is now = *318 amps., and the rectangle 06 hid. 


shows the input power. The alternating voltage is, as we have 
already explained, very nearly sinusoidal and hence the output 
power is given by the product of R.M.S. voltage E, by the 
RJd.S. fundamMital current. It wiU be seen firom the series 
above that the fbndwmental current is : 


Sin 6 , this having a maximum value 


2 
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Thos the power output = Em 

The remaiiung terms in the expression for i„ will oonvey no 
power because there is no corresponding harmonic in the voltage 
wave. The efficiency is improved to 66% because the anode 
current how flows mainly when the anode voltage is low so 
that the product of anode current and anode voltage integrated 
over a cycle (the valve anode loss) is smaller. 

If the grid bias be still further increased, then the anode 
current will flow for less than half of each oyde uid this we 
may term a “ Class C ” type of impulse, and it is specified by 
its angle of current flow. The case in which the angle of 
current flow is 90’’ is shown in Fig. 163, the load line being 
Td^dt, the average current =*163, and the input represented 
by the rectangle Occ%d^. Actually “Class C” operation is 
usually arranged so that angles of current flow are betwemi 
120° and 160°. A greater angle is not used as the efficiency 
is lower, and a lesser angle necessitates very large grid-bias 
and grid-swing voltages. It should be point^ out that both 
with Class B and Class C working the dope of the load line 

will no longer be that of an equivalent resistance . 

It is clear that for the three types of adjustment, input, 
output, mid effidency vary widely and the results are tabulated 
bdow. 


TabIiE I. 

D.G. Supplj Voltage 6000 V. Peak Emiaaion LA. 

Mjnimnm Anode Voltage 1000 V. Alteniatmg voltage (max. valne) 5000 V. 



Anode Cnnent. 

Batio 

Peid[/ 

Mean. 

Input 

Power 

Watte. 

1 

i 

! 

Anode 

lioes. 

Output 

Power 

Watta 

mil. 

ClMB. 

B.C, Compt* 

Fimdaineiktal 
A.C. Oompt. 
(max. Tftliie). 

denoy 

% 

A 

0-5 

0*5 

2 

||||||Q|||h 

1750 

1260 

42 

B 

0*318 

0*5 

3*15 

1800 

IIIIQ9 

1250 

66 

c 

WMV9,) 

0*163 

0*310 

6*15 1 

1 

1 

978 

1 

1 

203 

775 

79 
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Thus for the some peak emission it will be seen that the 
efficiency increases and that both input and output decrease 
as the duration of the cuiient pulse is reduced. It will be 
necessary to take into consideration the permissible anode 
dissipation and hence the greatest output may be possible with 
Class C adjustments, because of the increased efficiency. The 
general statement sometimes made that the sinusoidal (Class A) 
adjustments gire the greatest output is, therefore, frequently 
not true in practice. 

It will be evident that a valve to be used under Class C con- 
ditions should have a ffiament capable of giving an emisdon 
current several times the mean anode cxurent which can be 
passed to the anode without over-heating it. Generally 
speaking, tl^e filaments of valves designed for Class C adjust- 
ments provide a peak to average emission of between 6/1 
and 4/1, the ano^ being capable of dissipating 25% of the 
power at the average value. It will therefore not be 

possible to plot the static characteristic of such a valve or 
run it at full output under siausoidal oo;adition8. 

Under the conditions obtaining with Class C working, the 
valve is not to be regarded as a high frequency alternator 
at all, but rather as a commutator making and breaking a 
direct current supply at the frequency of the L.C. circuit. 

A perfect commutator is a power converter of D.C. to A.C. 
(square waveform) and has the same phase relationship of 
current and voltage as the valve, but since the volts drop to 
zero when full current passes and the current to zero when it 
has the supply voltage across it, the efficiency as a converter 
is 100%. In the case of the valve, however, the limiting 
edge shows that at the time of passing maximum current the 
volts have a finite positive value (some 12% to 20% of the total 
D.C.), the change of state is not instantaneous, and under the 
best conditions the power conversion is never greater than 85%. 

Design of Tank Circuit. We have shown that the 
conversion ^cienoy from D.C. to H.F. is determined by the. 
type of anode-current wave used, and on the correct impedance 
of the loaded tank drcuit to utilise the peak emission of the 
valve under the cohditions appertaining, i.e. whether Class B 
or Class C, < It is, however, equally imp<Hrtant to design the 
tank so that its losses are the least possible, 
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If the output is coupled through a mutual inductance M, 
and the load circuit is in resonance, we have ; 

w M /,. 

The power in the load is /,* Ri or in terms of primary current, 
— 7^* and the power input to the tank circuit is 

/ M*\ 

(•®-- + ) 

^ . power transferred to load , , , 

The ratio — : — — r — ; — : — ^ may be termed the 

power mput to tank circmt 

transfer efficiency of the timk circuit and is evidently given by 

Jf* 

& 

“ Bo 

If Qi and Qt are the “ Q values ” of the tank circuit when 

u>L 

unloaded and loaded respectively, then Q^ — and Qt =* 

2 Jlif i I J 

Hence — =wL{jr 77 ) and transfer 

■“w'T » 'V» Vl' 


Hence 


efficiency may be written as 
/I 1 \ Qi Q 2 

Qt ^ j or — g — X 100, as a percentage. 


From the above it is seen that the greater the difference 
between Qi and Q, the greater the transfer efficiency. Assum- 
ing the unloaded tank circuit Qi is fixed irrespective of its 
L.C. ratio (a justifiable assumption), although Qt should 
be made as low as possible to obtain the highest transfer 
efficiency, in practice the tninimnm vidue of Qt depends upon a 
number of factors. 

OQie lower we make Qtt the greater the harmonic content as 
provioosly explained, and the less the ooinoidenee betwemi 
maxifinmi output imd uiffty power &otor. On the other 
han^ an huxease of Qt reduces the transfer efficienn^ and if 
increased too much (see page 6 ) may introduce “sideband 
cutting.” Actual values of Qt range ffom IS to 20 on small 
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power sets down to 3 and 4 on larger sets, and transfer 
efficiencies become possible up to values as high as 95%. 
Although it is not obvious from the above formtdse, we obtain 

L 

the greatest transfer efficiency by increasing the ^ ratio to 

the maximTun possible, but here again the type of circuit 

L 

will probably determine the actual design and g used. 

For instance, consider a triode transmitter designed to give 
an output of 1 kW on a minimum wavelength of 16 metres 
from a D.C. supply voltage of 5,000. The valve and stray 
capacitances of the output circuit (including that of a small 
toning capacitance set to minimum) to deliver this power 
could easily be as much as 20/u/uF. Thus with no additional 
deliberate tuning capacitance we should need an inductance 
of only 3'16 /uS to tune to 16 metres. 

If we assume the minimum anode voltage is 1,000, then 
the R.M.S. value of the A.C. anode voltage is 2,830 volts and 
we have Ew C= 7-13 amps. 


Now Qf = 


VA 

watts 


7-13x2,830 

1,000 


20 - 2 . 


This is the minimum Q, value that can be obtained with a 
circuit layout and valve having this particular stray capaci- 
tance, oi)eratmg on the voltage mentioned. 

It is observed also that if the valve capacitance forms a 
considerable part of the total capacitance, as it would do in 
such a case, the valve carries an equival^t proportion of this 
total tank-circuit current, and therefore the valve electrode 
seals need to be designed to cany the higb-frequency current 
in addition to the feed. In glass-envelope valves special 
jnecauilons have also to be taken to jnrevent “ hot spots ” 
forming m the envelope doe to eddy currents produced in any 
acddental metallic deposits produced m the manufacture of 
the glass. On early forms of valves, metal strip jackets axe 
desiraUe to equali^ the surffioe potentials, but in modem 
valves any deppeits formed during manufacture ace washed 
from the envelope walls. 

! In addfriqn to keeping up the ^ ratio of the tank oircuitt 
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it is also necessary to use the minimum amoimt of insulating 
material, and where insulators are used they shoiild, as far as 
possible, be kept outside the high frequency fields, suitable 
types of material being dealt with later in the chapter. 

If an amplifier stage is set up with triode valves, as shown 
in the schematic diagram of Fig. 160, it will be foimd to oscillate 
due to the interelectrode valve capacity forming a re- 
versible coupling which can cause feed back. Hence before 
such a circuit can be driven it is necessary to eliminate the 
tendencies to oscillate by providing anti-reaction arrangements. 

Triode Anti-Reaction Circuits. The simplest arrange- 
ment is as shown in Fig. 164a (diagrammatically in Fig. 164b). 



I^oxma 164. 


Here the input coil is split and the filament tapping taken to 
the centre so that grid/filament is across but half the input 
coil Lg. One end of the coil is already coupled to the output 
circuit through the grid imode capacity of the valve C,g, and 
hence if the other end of the coil is connected through the 
condenser U,, to the anode it will act as an anti-reaction 
condenser, and balance the grid/anode capacity coupling. 
Ulus power in the output changes the potential of the anode 
relative to the filament and hence will create currents through 
the condensers Ogg and (?„ which flow to earth through the 
input coil in opposite phase, and so cause no feed-back voltage 
between grid and fllament. 

An alternative arrangement is shown in 165s (dia|pram- 
mstuadlyin Fig. 166b). La this case the whole input is left 
aorqm grid-filament, but the ou^ut cmtre-tapped instead, 
and the ficee end connected bade to the grid. Since tibe anode 
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supply will be conneoted between filament and the tapping 
point on the coil, the oirouit is now at high potential, and this 
is undesirable on high voltage systems. Otherwise the action 
is similar to the previous arrangement. It is a matter of 
convenience which method is adopted and both are found 
in short wave oirouit practice, but on very short waves and 
large powers this simple balanced arrangement is not too 
satisfactory. 

Examination of the above circuits shows that although the 
valve capacity has been neutralised, neither circuit is sym- 
metrical as regards earth and any asymmetry of circuit is 
undesirable. In fact, ordinary methods of balancing are of 
doubtful value if high efficiency is required, because valve 



FioxTBa 166 . 


capacity is not the sole factor to contend with, circuit layout 
is more important. 

If we build a geometrically symmetrical circuit, with earth 
as a datum, we have the best chance of obtaining stable results 
on very short waves, provided all connecting leads are reduced 
to a minimum ; which is another way of stating that in 
balancing a circuit to achieve zero feed-back, not only must 
aU obvious coupling be balanced but capacity effects to earth 
must not be forgotten. As our minds are not accustomed to 
think in terms of the minute values which are only significant 
at these very hi^ frequencieB, the mechanically balanced 
layout automatically helps ua to obteun the desired results. 

The Bridge Balance. C. 6. SVanklin developed a truly 
balanoed system by^ building a oirouit from a bridge point of 
view, that is to say taking the valve capacity Cgg as one arm 
of a bridge, three other capacities are provided to complete 
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fche bridge and the whole oirouit built to fit this symmetrioally, 
not only as regards input and output but with due regard to 
the reference point earth, so that no coupling exists between 
circuits placed across the diagonals of the bridge arms, as shown 
in Eigs. 166a and 166b. On wavelengths not too short and 
small powers, the drcuit as shown will give a clean balance ; 
but on waves below some 26 metres, the oirouit in the simplest 
form described above is not perfect, owing to the fact that the 
bridge shown is but a pure capacity balance and no account 
has bemi taken either of the power factor of the condensers 
making it up or the resistance of the conductors. Since the 
valve is a leaky condenser, it is necessary to add resistance to the 
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complementary bridge arm to compensate for this, and either 
a large shunt resistance or a small series resistance can be used. 
It is simpler to use a series resistance, as only a fraction of an 
ohm is required, and with this added compensation a perfect 
bridge balance can be obtained. 

It is but a step to turn the single valve bridge circuit to a 
two-valve bridge for the purpose ol handling more power, the 
(xmdenser Oi being replaced by a second valve, as shown in 
Figs. 167a, 167b, and this drcuit will now be recognised as a 
push-pull type, s^ncnmetricaUy balanced for anti-reaction. 

I3i0 layout of the bridge dnmit must be sudi that leads to 
the 0nds of the valves, and in fact leads generally aie made as 
du»t as possible. On very short wavetengths, however, the 
lengfk of lead into the valve may be sttffiohait to upset the 
batooe. 
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For although the comers of the bridge arms are in opposite 
phase the reactance of the leads from the comers to the valves 
throws out the anti-phase voltage condition on the grids. To 
compensate for this, condensers are necessary in each lead 
whose reactance will cancel the lead reactance. These con- 
densers Ct and (^4 are shown in Fig. 167, the chokes and 
being to provide the necessary D.C. current path and prevent 
grid blocking. 

The number of amplifier stages required depends not only 
on the characteristics of the valves used and the type of the 
oiroiiits, but on the power of the driving source and the final 
power output required. With a well-balanced bridge the 



step up in power ratio may be as great as 60/1 on wavelengths 
as low as 20 metres, although, generally speaking, a normal 
ratio is 26/1. 

Fig. 168 shows a three-stage amplifier s}rBtem which depicts 
both single and two-valve bridges, the driving source and 
keying arrangements being omitted. 

Experimental Analysis of Driven Stage. It is of 
interest to make an analysis of a triode driven stage and 
consider the means adopted for adjusting it. 

When thinking of self-oscillators and driven transmitters, 
there is a tendency to class them together as being very 
similar in action, whmeas, except for the fact that our aim 
is the Same in 6aoh-.<»uae — to produce high fi»qnency power — 
there is considerable difference in the method of obtaining 
this result. 
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The main difierenoe in action between the oscillator and 
the amplifier may be summed up as undw ; 


1. (a) A self-oscillator always sets itself to that fre- 
quency where the total reactance of the system is zero. 



This means one can always 
consider the load on the valve 
as resistive, or almost so. 

(6) In a driven stage, since 
the grid input frequency is 
fixed by an independent circuit, 
the timiug of the output will 
vary the load reactance and 
hence the driven or amplifier 
valve will only operate at 
“unity” power factor at one 
setting, namely when the nat- 
ural frequency of output is 
that of the driving E.M.F. 

2. (a) In a self-oscillator the 
grid swing is a function of 
output current, and hence the 
former is automatically limited 
when optimum conditions are 
reached. For any move to force 
increase of swing is checked by 
falling away of output. 

(6) In a driven stage the 
grid swing is to some extent 
independent of the amplifier 
conation, and hence one can 
drive the amplifier grid to a 
voltage in excess of, or less than 
that required to give optimum 
conditions. 


3. (a) The wavelength of tlie^^grid drcnit in the case of 
the self-oscillator needs to be away from that of the output 
ioT efficient conditions. 

(6) In a driven stage the grid waveleogth must be the 
same as ouiput. 
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4. (a) For coupled circuit working the limitation of 
output from a self-oscillator may be controlled by an in- 
stability effect. Hence, in such cases a self-osdllator 
cannot be loaded up to its full capacity. 

(6) In the driven case this is not so, and coupling to 
a low damped secondary can be made to the full amount 
essential for the complete loading of the amplifier. 

5. (a) The firequency stability of a s6lf oscillator is de- 
pendent upon the flywheel effect of the ttmk circuit. This 
necessitates a fairly large ratio of kVA/kW for the out- 
put, usually in excess of 20/1. 

{b) In a driven circuit we only require the flywheel 
effect to reduce harmonics, and in consequence the ratio 
kVA/kW is made small in order to get the best transfer 
eflScienoy. 

For the purpose of analysis, a system with a separately tuned 
grid circuit has been chosen, with the valve anti-coupled by 
means of a condenser. The full bridge has not been adopted 
in order to simplify the plotting of characteristics, and the 
circuit analysed therefore is similar to that shown in Fig. 166, 
with a drive applied by mutual coupling to the coil L,.. The 
wavelength is 28 metres. 

To commence with, the circuits LjO,, must be 

tuned to the driving frequency, and the value of the anti- 
reaction condenser must be found. These adjustments must 
be made simultaneously, as the alteration of one affects the 
other. The most efficient method is to drive at low power 
and find the point of zero output, using a sensitive meter 
in the amplifier circuit LJO,, with the amplifier valve filament 
on and with, or without, the lower end of the grid leak con- 
nected ; but with no voltage on the amplifier anode, of course. 

The filament is kept on, as the valve capacity is morp. 
nearly that obtaining under working conditions 4 and with 
the grid leak coimeoted, grid current is obtained which 
assists to tune the circuit But the final balance 

should be found; with the grid leak disconnected in order to 
remove grid ourr^t dampu^ and sharpen up the tuning of 
the circuit thb two curves of Fig. 169 showing the change 
of output and grid curmit for different positions of and- 
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balance condenser. Continual retuning of the amplifier circuits 
is necessary as the balance point is approached, and the circuit 
is finalty tuned as near the balance as possible. 

Observe that the point of balance is given by minimum 
current appearing in the amplifier output, for at this point 
the circuits are uncoupled ; or by maximum grid current in 



ANTI-REACTION CONDENSER 

Fioubi 169. 

the case where the grid lead is left connected, for at the balance 
point th^ is no coupling to the amplifier output and hence 
the load on the grid circuit is least. . 

We will now consider the driving cmiditions with power on 
Ihe amplifier. 

The frequency of input voltage being constant, the type of 
load mcperienoed by the ampfifi^ will depend on the tumng of 
output dreuit xdlative to the hiput frequfflacy, and 
only at one point will tW* output circuit be non*reaciate in 
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character. Hence the load line characteristic will vary from a 
straight line to an ellipse, as the output circuit is detuned. 

If the tuning of the output is varied, the load on the valve 
becomes reactive in character and of smaller value, because 
away from resonance the impedance of a parallel LO circuit 
falls. The effect of this is observed by a rise of anode feed 
and by greater loss in the valve and consequent loss of effici* 
ency. The feed rises because of the lower load impedance and 



100 % 

OUTPUT CIRCUIT TUNE 


FrovBa 170. 

the valve losses increase because the valve current is no 
longer in phase opposition to the valve voltage. 

If the balancing of the amplifier stage has been made care- 
fully as detailed in the last section, then the application of 
supply voltage to the anode of the amplifier should result in 
the correct resistive load condition being obtained, and if so 
the feed tahep by the amplifier will be the minimum possible. 
In fact the final setting of every amplifier is accomplished 
under working conditions of foU output by adjustment of 
output tune to gi^ mmimvm feed, a tuning either side of this 
leading to increased leed and greater valve loss.. 

This eSKib is shown in the curves of Mg. 170, where minimum 
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feed indicates the resistive load condition and point of mini- 
mum valve loss. These curves were taken by varying the tuning 
of the amplifier output drouit, the anti-reaction position being 
fixed to the correct settiug, as indicated by minimum current 
in the curve of Fig. 169. The point of minimum feed, which will 
always, be the point of maximum efficiency, may or may not 
coincide with maximum output from the amplifier, but it 
will coincide if the anti-reaction condition is perfect, and if 
the Q value of the output circuit is not too low. 

Input Voltage Required. So far nothing has been 
said of the power required to drive an amplifier stage, but this 
is of the greatest importance, for under-driving leads to a 
reduction of efficiency and output, and over-driving invol't^ 
an uimecessarily large preceding stage, although it is better 
to over-drive a telegraph transmitter rather than under-drive. 
This question can best be studied by examination of the cmrves 
of Fig. 171, which shows that the efficiency rises from zero 
to about 76% step by step with increase of power output. 
Thus under-driving leads to low efficiency and low power 
output. 

These curves, which were obtained with the circuit of 
Fig. 166, show, of course, only the amplifier power conversion 
and do not take into account the input power from the previous 
stage. A somewhat noticeable point is that it does not appear 
to be possible to over-drive an amplifier stage for the output and 
effidenoy are seen to remain high with very large values of 
input E.M.F. This is so, and the explanation is to be foimd in 
the grid ,purrent, which is observed to increase rapidly 
after maximum driving conditions are reached, further driving 
voltage to the grid increasing grid current; the increased 
damping is such that the actual voltage measured across 
does not increase ; since it is this voltage which 
swings the amplifier grid, the result is merely a reduction of 
the total overall effidenoy because the input power is unneces- 
sarily large. 

, T^ result is the same whether leak or battery bias is used, 
althou^ in the former case the effect is less noticeable, on 
account of the grid cormit increase forcing back the static 
negative grid bias, and so preventing the grid onizcait rismg 
so rapidly. : . 
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The foregoing disouasion and methods of adjustments may 
be considered as applying to every type of driven amplifier, 
and where one has a chain of them, the systematic procedure 
of adjustm^t indicated is most essential if the best results are 
desired. 

Filament Emission. A transmitting valve is very sensitive 
to filament emission limitation, and if this emission is reduced 
below a certain value no output at all can be obtained, the 
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FtoTTsa 171. 

curves of Fig. 172 showing the effects resulting from reduction 
of filament voltage. 

It is observed that below a certain critical value, indicated 
by a rapid fall of grid current, the output falls away rapidly, 
and this is due to secondary emissiori taking place in the 
valve. 

It is a well-known effect on long waves, but appears to be 
much more marked on short waves, and insufficient filament 
omission is the oauso of many transmitters not functioning. 

Parasitic OsclEatlons In Txiode Amplifier Stage. In 
a oomj^x drouit it Is evident there are many possible 
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“ degiees of freedom,’' and where amplifying valves are 
employed spuriotis forms of oscillation are often in evidence. 
These unwanted oscillations manifest themselves chiefly in 
multi-valve transmitters on large powers, and are worse with 
valves having a high mutual conductance. 

Parasitic oscillations show up in a variety of ways : by high 
anode feed currents, grid currents of unusual value, circuit 



StoUBs 172. 


instability and violent voltage transients ; and sometimes by 
an audible note when listening to the radiated wave in a tuned 
receiver. The ordinaiy anti-reaction arrangements do hot 
stop these spurious oBofllations, and as the effects are altered 
considerably by slij^t differmices of drcuit layout the exact 
arrangement to prevent a particular parasite is not calculable 
beforehand, but must be developed to meet each case. 

It is difficult to okuahfy parasitic oscillations, but there are 
one Of two fairly well-defined types which may be mmtioned. 
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(1) Parasites of a Very Short Wavelength. The induotanoe 
of connecting leads between valves and drcuits, together with 
the valves capacities, may form a ciromt of very short natural 
wavelength. Such a circuit may be found connected, not only 
with the high frequency valves of a transmitter, but also with 
the modulators, and in the event of self-oscillation, considerable 
power may be developed in the parasite. 

When the parasite occurs in long-wave, high-frequency 
circuits or in modulating circuits, it can be prevented by pro- 
viding a path of high resistance in the grid-anode valve leads, 
and a low impedance path from grid to earth at the parasitic 
frequency. This is accomplished by the addition of a resist- 
ance, usually of value between 50 and 600 ohms, in the grid 
or anode circuit, and a condenser shunt from grid to filament. 

On short wavelengths such arrangements are not possible, 
as they will also prevent efficient operation on the desired 
wave, and hence this particular form of parasite must be 
avoided by careful design and layout of the drcuit, such that 
leads from valves to circuits are as short as possible or are 
compensated for. 

(2) Parasites near the Fundamental. This parasite may 
cause audible modulation and in some oases is due to a choke, 
or choke condenser combination, or on short waves even a 
lead with its self-capacity to frame, having a natural 
frequency too near the fundamental and producing self- 
oscillation at a particular frequency, which beats with the 
fundamental. 

If an amplifier circuit is not properly balanced, or direct 
coupling exists between stages, somewhat similar effects may 
be observed. 

The presence of audible modulation, or howl, may also be 
brought about by a high resistance in the grid circuit of a stage 
which is self -oscillating. This effect, which was called originally 
a squegger,” is well known and need not be discussed. 

Inverted Amplifier. An otiginal amplifier circuit devised 
hy Standard Tdephones and Cables Ltd., and used by them 
on the final stages of their short-wave sets at the B.B.C. Statkm 
at Bavcntiy is/'eeiies connected” or “inverted,” as it is 
called. A simplffied diagram of cmmeotaons is shown in 
Fig. 173, and an equivalent circuit in F%. 174. 
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The unusual feature is seen to be that on the input side, 
the grids are earthed and the filaments axe at the high-firequenoy 
pot^tial. In the actual amplifier the grids are earthed 
through series c<mdensers which neutralise the inductive 



reactance of the grid leads and these condensers must therefore 
be adjusted for each change in-operating fireguemy. 

It will be seen that if the grid leads are effectively earthed to 
high ffequency then they form a screen between input and 
output circuits similar to the screen in a tetrode or pentrode 
valve. The tendency to self-oscillation is thereby reduced 
and whoa neutralising condensers are necessary they will be 



very much smaller than in the conventional triode circuit, 
which assists in the design of high-power, short-wave amplifiers. 
The ci^pacity across the anode tank cirouit is dso less with the 
inverted axrangonent because d? the small clize of balancing 
condenser. 
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In Fig. 174 one half of the push-pull aziangement is drsxm 
in its simptest form where A, 0, C «ce the anode, grid and 
cathode of the amplifier valve, and in Fig. 176 is shown the 
corresponding curves for one cycle of potential between them. 
Ece ia the voltage between cathode and earth firom the exciter 
stage, Eqc the voltage between grid uid cathode of the 
amplifier, and Ejic the amplifier anode voltage, fix>m which 
it is seen that the amplifier and exciter voltages are in phase, 
but as usual the amplifier grid and anode voltages are in anti- 
phase. Further that the amplifier valve and exciter circuit 
are in series across the output circuit and the phase relation- 
ships are such that the drive supplies some power to the out- 
put stage. The exciter circuit has, therefore, to be of larger 



rating than in the conventional design but some of the extra 
power is utilised in the output. 

The alternating componmit of the amplifier anode current 
evidently flows through the impedance of the exciter circuit 
and this provides negative feed-back of an amount which 
depends upon the adjustment of the exciter circuit. 

When such an arrangement is modulated it is necessary 
to modulate the exciter stage as well as the amplifier because 
of the fact that some of the drive power appears in the final 
output. 

Pentode Amplifi^. The triode has for many years 
been, and still is, a most efficient type of valve for H J*. trans- 
mission Work, ^cial designs of triode valves have been 
evolved (see Appendix V) to meet the particular requirements 
of high and ultiw-high frequencies ; and conversion effideno^ 
(Hur be obtained with a modmm S.W. triode as high, or even 
hij^, tbeu normdly obtained at lower frequencies. 
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Beam-tetrode and pentode valves' for transmitting work 
are, however, also in common use in the medium and lower 
power sets. The beam-tetrode is a screen-grid valve designed 
so that secondary emission from the anode is eliminated by 
the concentration of the electrons into a beam, which increases 
the spaco-charge effects existing in the anode/screen space 
and ensures that a potential miniTwiiTn is cmated near the 
anode surface even at low anode-voltages. This effect is 
achieved by the aligning of the grids in the valve and the 
inclusion of two beam-forming electrodes, parallel to the screen 
supports mid placed between the screen and anode. Such 
valves are not usually more efficient than the triode, but 
where flexibility is required they have certain advantages 
because their low inter-electrode capacity eliminates the use 
of neutralisation arrangements and this simplifies the circuit 
layout. In the case of the pentode valve, it is possible to 
cany out effective low-level, 100% modulation by using the 
suppressor-grid as a control electrode. 

The design of beam-tetrode and pentode valves for trans- 
mitting work calls for features which are somewhat different 
from those met with on similax valves developed for receiving 
work because the avoidance of power loss is an important 
factor, and the seals of the various electrodes will be required 
to carry considerable high-frequency currents, and must be 
designed to have the minimum possible resistance and 
inductance. In a modem transmitting pentode (see Appendix 
V), a conventional seal will be used for the control electrode 
but the connecting wires of the screen-grid 9 ^ and the 
suppressor-grid are of multiple form and are taken away 
through the base of the valve. By this means, the inductance 
of the leads is reduced to the minimum possible, the current 
distribution is made uniform and the current-carrying capacity 
large. 

One of the advantages of the pentode vidve is the ability 
to use suppressor-grid modulation (see page 419) and this 
necessitates certain guiding roles in designing the 'i^ve. If 
ihi amplification factor Mjprg is made high, then only a few 
volts swing are necessary to control tile anode cuzimit fiilfy, 
but the peak anode oux|»nt can mfiy be readied with podlive 
volts on g,. This is an Undesirabto ^ture for modulation 
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purposes, as grid current will be taken, which would load and 
distort the modulation output. If the amplification-factor is 
made too low, the peak anode-current can now be obtained 
with zero or even negative voltage on fifg, but the output is 
lower than with the previous design and a considerable voltage 
swing on is required to fully modulate the anode current. 
A further consideration is that the design of also affects the 
screen (or g^ current, the higher the amplification of gr, the 
less the screen current, and because only small changes of g^ 
will fully modulate the valve, these chemges will be accom- 
panied by only a small change of screen current. Thus when 
the valve is designed for suppressor grid modulation a com- 
promise is adopted, the peak anode current being obtained 
with ^8 at zero voltage or very slightly positive. 

Another important feature in the design of both the beam- 
tetrode and pentode valves is the reduction of the screen 
losses to the minimum possible. As has been mentioned, this 
can be helped by keeping up the amplification-factor jugr„ but 
mostly it is brought about by the principle of alignment, i.e. 
the grid structures are not wound random fashion, but cor- 
rectly aligned one with the other so that each g^ wire is exactly 
behind a^ g^ wire, and similarly with each g^ wire. The 
characteristios of a typical pentode transmitting valve are 
shown in Fig. 176, from which it is observed that the working 
screen-potential in this particular case is some 20% of the 
anode-voltage, and under thesjs conditions it is possible to 
obtain peak anode emission when the anode potential is 
reduced to some 15% of the working average potential, i.e. 
giving similar conditions to those obtained with a triode 
valve. Examination of these characteristics will reveal that 
if one operates such a valve under the condition say of Class B 
working, as shown by the dynamic characteristic in Fig. 176, 
the conversion efficiency from D.C. to H.F. will be similar to 
that obtained with a triode. 

Overall Efficiency of Pentode Valve. We will now 
compare the efficiency of the pentode valve with that of the 
triode. In considering the true efficiency of any form of 
amplifier, need to consider power in the cathode circuit 
and also losses in any grid oirouits as well as conversion 
efficiency of tire anode cirouit. In the triode case we have 



294 SHORT WAVE WIRELESS COMMUNICATION 


only grid loss, but in the pentode case we have g^ and g^, 
loss to be considered. In the pentode valve the loss in g^ 
is much less than in the corresi>onding triode valve, because 



excursion into the grid current region is much less in the case 
of the pentode than in the case of the triode. We must also 
remember that the g^ loss is an H.F. loss,, and it is important 
to reduce this as much as possible as it has to be supplied 
from a previous stage which is itself working at a conversion 
effidency of perhaps 70%. 

In the case of g^, or screen loss, this is, of course, absent in 
the triode valve. In a well-designed pentode the screen 
voltage is as low as 20% of the anode voltage and the screen 
loss is twofold. First, there is the actual 
** loss in the valve itself, which is determined 
directly iOrom the screen voltage and screen 
current, and in addition there is a possible 
loss depending upon how the screen is fed. 
If, for convenience, we feed g^ from the anode 
supply through a dropping resistance as shown 
^ in Fig. 177, we shall have an l*R loss in this 
resistance. K tiie screen is supidied from a 
separate source we avoid this loss, but this 
method is not too sadsfactoiy, because whmi the valve 
is modulated, the screen current will vary (as has been 
explained), and tiiis luoduces distrsrtlon. 

■ t 
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In order to obtain fall emission for anode and screen the 
cathode has to be rather larger than for a triode of corre- 
sponding size. 

Considering the problem in general terms, therefore, it will 
be found that the overall efGloiency of a pentode transmitting 
valve is not materially different from the triode oormterpart. 
as the gain of grid driving power is offset by screen and cathode 
losses, and the following table shows comparative figures for a 
triode, pentode, and screen-grid valve of similar size as regards 
power output and voltage of supply. 


Tablb II 


Valve. 



Current 

Flow. 

Drive 

Power.! 

1 

Screen 

Lobs. 

Power 

Input. 

Total 

H.F. 

Power. 

Conver- 

eion 

Bfly. 

K.W. 

to 

Load. 

. 1 

Overall 
Bffy. 1 

. -- 

Stage 

Power 

Gain. 

Volte. 

Triode 

166* 

•036 

— 

1-43 

1-03 

72% 

10 

68% 

27 

4000 

Tetrode 

160® 

•026 

0-27 

•97 

•68 

70% 

•6 

66% 

27 

4000 

Pentode 

160® 

•020 

•114 

1-90 

1-43 

76% 

1-27 

69% 

1 

63 

4000 


Pentode Power-Amplifier Stage. A normal stage of 
power amplification using a pentode valve is shown in Fig. 178 , 
where is the tuned input (driven firom a previous stage) 
and LC is the tuned output-circuit. For the time being it 
should be assumed that the suppressor grid is at zero potential, 
the condition which gives nearly maximum output, and that 



the screen potential is supplied from a separate source through 
a small series iesistaBoe. It will be observed that no neutralis- 
ing ciroait shouM be necessary provided the mechanictd con- 
strtiotkm:^ the system is correctly carried out, so as to remove 
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coupling between grid and anode circuits. This involves the 
screening of tbe resonant circuits one from the other and the 
correct mounting of the pentode valve within a sraeen. 

It will be observed that since there are no neutralising 
arrangements jirovided, there is no adjustment by which 
instability of the pentode transmitter can be prevented as 
tiiere is with a triode stage. This does not mean, however, 
that the pentode circuit is inherently stable. In fact, many 
precautions need to be taken when designing pentode circuits, 
and checks must be made to determine that the circuit set 



WAVELENGTH 


Fioubb 179. ' 


up is free from incipient oscillation at the driving frequency 
and also from parasitio oscillations. 

Considering the stage, such as shown in Fig. 178, it is found 
that if the impedances in the anode and grid cirooits are too 
high the stage becomes unstable and the lower the wavelengths 
the greater the instability, the connection between wavelength 
and stability being as shown in Fig. 179. Curve “A” is a theoret- 
ical curve which assumes that the “ cany-through ” capacity is 
mostly O 4 and that there is no inductance in the and g, 
leads. If the vidue of at a given wavelmigth, is greater 
than that shown on the curve, then the simplified theory 
states that the amplifier drouit will self-osdllate. CNxrve “ B,” 
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the diape of which will vary with the type of vfJye and oirouit 
layout, is typical for a small pentode valve suitable for about 
100 watts output. The divergence in the two curves is due to 

the faet that there is “cany- 
through” via the other electrodes 
which cannot be truly shorted 
to earth potential. Thus con- 
sidering Fig. 180, which shows 
the effective circuit, it will be 
seen that although the screen 
and suppressor grids are ostens- 
ibly earthed directly through 
their shunt condensers (not 
shown) the effective inductance 
of their leads will have the effect of producing a cany-through 
voltage between the electrode and earth, and in consequence 
from anode back to the control-grid. 

For the particular valve in question, the relative values of 
are given on the curve, and the values of and the 
inter-electrode capacitances are as under : 

L^j=4xl<r»® H. 

(7j = 26 nfiE. 

07,= 30 „ 

„ 

„ 

Although the absence 6f neutralising simplifies the circuit 
and reduces the possible number of parasitic paths, such 
oscillation can occur 
unless precautions are 
taken in the layout of 
components and all 
leads kept as short as 
possible. The various 
modes possible which 
are aU of the ultra- 
short wave type can be 
realised by studying 

181, whore the heavy lines indicate possible cirouits, it being 
assumed that the leads slmwn all represmit small inductances. 

i.* 
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As the wavelength is reduced, the tendency to self-osoiUate 
at an ultra-short wavelength increases, and influences the 
general shape of the wavelength-output charaoteiistio some- 
what as shown in Fig. 182. The iise of output at “ B ” is due 
to a phase of reaction which assists the drive, whereas the 
sharp fall at “ A ” is due to a negative feedback condition 
arising. 

It was mentioned previously that with a pentode stage 
there is no preliminary check of the stability of the stage, nor 
of the correct tuning position of the output stage as there is 



FioinEUB 182 . 

with a triode amplifier (see page 286). When the anode supply 
is on, the change of anode and totad feed currents and grid 
ouzxent is much less than with the triode, as can be seen by 
comparing the crarvea of Fig. 183 with the corresponding 
curves for the triode shown in Fig. 170. 

The Design of the Output Circuit. In transmitter 
design it is sconetimes a matter of difficulty to decide whether 
the output circuit, coupling feom the transmitt^ tank-circuit 
to the feeder or aerial shoidd be of the aeries or parallel form, 
shown schematically in fig. 184. 

When the load resistance is low, say up to 100 nhiMa^ the 
series type of circuit will always be adopted as it is eai^ to 
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obtain full loading from the transmitter at unity power factor. 
If the load is of high resistance, say above 600 ohms, the 
parallel circuit \dll normally be found easy to danign^ as in 
this case the load resistance is high compared with the reactance 
of the coupling coil (and of the parallel tuning-capacitance), 
and full loading can ^ obtained at a unity power-factor. 

For intermediate values of load resistance it is more difficult 
to decide which type of circuit to use. If the load is con- 
nected in series, then, as it increases in resistance a huger 
induced E.M.F, is necessary to circulate a given power. If the 
coupling coil has already been arranged so that the E.M.F. 



induced in each tom of it is as great as possible, it will be 
necessary to increase the turns. At the higher frequencies this 
may result in the coil resonating on its own, due to its self- 
capaMsity. 

If the parallel connection of load is employed, it can be 
shown that unless the coil reactance is less than hcdf the value 
of the load resistance, the value of capacitance which Tnnlffti^ 
the current in the load a maximum will not produce resonance 
— ^that is, the total reactance in the circuit will not be zero. 
For values of load resistance between about 100 and 600 ohms, 
therefoie, it wifl be necesstuy to consider each case on its own 
merits and decide whether the series or parallel connection 
will be the'most economical. 
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General Design Data. The design of short and ultra- 
short wave transmitting apparatus calls for special attention, 
both to the materials used and the design and layout of the 
components. All circuits must be carefully screened from 
one another by good quality copper, brass, or aluminium 
sheets, carefully bonded to each other and earthed to a 
defboite earth busbar. K this is not done not only will there 
be interaction between the circuits, but the proximity of 
any H.P. circuit to surrounding dielectrics, such as wood or 
plaster walls, will increase the losses very considerably, even 
if no dangerous heating is set up in the dielectrics themselves. 
The H.F. circuits mt^ be designed so that as few insulating 



materials are used as possible, and where they must be incor- 
porated they should be placed as much as possible outside the 
field. Connecting leads must be kept as short as possible and 
of ample dimensions. Apart from the general screening of 
the H.F. apparatus, supply leads to filaments, grids, etc., 
should be run in s(g*eened compartments or tubing as near to 
tibeir final connecting point as possible. No end or short- 
circuited turns should be used when wave-changing is required, 
but either separate coils designed for each wave, or an even 
numb^ of single turn coils used, which can be connected in 
series or series parallel, or all-parallel, to give a variety of 
inductance values. This method is very suitable, as the 
conductcHr size automatically increases as the wavelength 
decreases. 

With hi^ powers and voltages it is neoepBary to avoid all 
sharp comers and edges to prevent Inrushir^, or udiai is known 
as a torch ” discha^. At very hig^ fiequencies the meigy 
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supplied to the air by a brush discharge is much greater than 
at lower firequencies, general ionisation of the air atomid tahes 
place and a flash over occurs which is more in the nature of an 
arc at such firequencies. The arc may flash over to another 
electrode as with such discharges at lower firequencies, but it 
will often be found to arc out into space, when it is known as a 
torch discharge. To avoid these discharges, all conductors 
carrying H.F. current should be designed with rounded edges, 
and this means, with condenser plates, either making them with 
a heavy section, or built up with a hollow section, an example 
of the latter type of construction being shown on page 517. 

Copper, tubular coils are suitable, or flat copper strip with 
the flat surface parallel to the axis of the coil. A very con- 
venient design is the square-shaped inductance used by Frank- 
lin (see Fig. 313), as this lends itself not only to mechanical 
design, but to easy cross-connecting and fine adjustment of 
individual turns, without giving any detrimental end-effect. 

The spacing of turns is usually not greater than twice the 
diameter (or width) of the turns, and very Uttle alteration of 
inductance is obtained by altering the spacing, because the 
end-to-end capacity is of greater consequence than the increase 
of mutual inductance between the coUs. 

Dielectrics for High Frequencies. A considerable num- 
ber of insulating materials suitable for use at high firequencies 
have been produced in recent years as many of the 
materials which are efficient at low frequencies have far too 
high a dielectric loss at high frequencies, since this tends to 
be a constant per cycle of applied voltage. 

The effects of a high dielectric loss are, of course, that the 
effective resistance of the circuit concerned is increased and 
the dielectric may become distorted if not destroyed. In the 
case of materials to be used as insulating supports, the main 
requirements are mechanical strength, low dielectric loss and 
high dielectric strength, the dielectric constant being relatively 
unimportant. They should be non-hygroscopio. Amongst 
suitable materials is “ Mycalex ” (made from mica and glass), 
as this can bo obtained in a variety of forms, and lends itself 
to drilling, mifling, and ordinary mcuflune processes. Other 
materials Frequentite ” and “ Calan,” which are manu- 
fsoturedin the same way as other ceramic materials, the former 
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being made from ateatite and the latter from finely divided 
mica. Of the numerous synthetic resin insulators “ Trolitul ” 
has excellent properties, and hke.other plastics can be moulded 
into complicated forms. Porcelain, although it is very uneven 
in character, is stOl extensively used, particularly in places 
outside the H J*. field, but only those types which contain no 
filling material except lead are really suitable. 

When dielectrics are wanted for building up condensers, a 
low dielectric loss is evidently j^sirable, mechanical strength 
is not so necessary, but a high dielectric constant is useful in 
order to reduce the size of the condenser, this being especially 
u^ful because the small size reduces the inductance of the 
leads and plates themselves. 

In short and ultra-short wave transmitters, the tuning 
oai>aoity is almost always a low-capacity, variable air-condenser, 
but for blocking condensers mica sheets of good quality are 
stiU much used. Recent Continental research has produced 
some remarkable materials having enormous dielectric con- 
stants. These are being mcreasingly used in receiving com- 
ponents and will no doubt become more extensively used in 
transmitting equipment. The properties of some dielectrics 
are tabulated below, and the table shows the notable advance 
of these materials over the rubber compounds such as ebonite, 
the standard insulating material of a few years ago. 



Tablb III 




IMeleotido 

Power 

Dideotrio 

MateiiaL 

Conatuit. 

Factor. 

Strength 

fcy/mm. 

Calan . 

6-6 

•0004 at 10» 

40 

Ib?equentite . 

60 

•0008 at 10» 

60 

Mycalex 

6-0 

•003 at 10* 

14 

Mica . 

7-0 

•0002 — 

60 

Trolitul 

2-6 

•0003 at 10* 

30 

Porcelain 

6-6 

•008 at 10* 

— 

Fused quartz 

3*8 

•0002 — 

20 

Ebonite 

3*0 

•009 at 10* 

160 

Kera&r 

80*0 

•001 at 10* 

— 


Axtnrted bom tlw " Joamal of Sde&Ufio Inctnimenti,” VoL is, page 217. 
ValBM (d»taWi ty !>*• Ha rtaho m at the WJPJi. - 
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Valves for Very High Frequencies. It is clear that 
the successful development of short and ultra-short wave 
apparatus depends largely upon the valve design, which has 
had to go hand-in-hand with the circuit technique. As we 
try to build power amplifiers for increasingly high frequencies, a 
number of difficulties arise, and the successful exploitation of 
ultra-high frequencies largely depends upon these difficulties 
being overcome if conventional types of circuit known to be 
satisfactory at the lower freijyiencies are to be used. 

Evidently a compact layout and the avoidance of stray 
coupling and long connecting leads helps to produce circuits 
which will tune to a very high frequency, but aU the care that 
is taken over the circuit can be upset by the valve design. 
For ultra-high frequency work, valves should have short, 
direct connections between the electrodes, and the seals 
through the envelope should be massive, not only to carry 
the high firequency currents but to reduce the lead inductance 
to a TwiTumimn . Inter-electrode capacity must be kept as 
small as possible, although the spacing between the electrodes 
must be kept near together in order to reduce the transit path 
of the electrons across the valve. 

Normally we assume the transit time of electrons through 
the valve to be quite negligible and suppose that the electron 
stream follows instantaneously a change of grid voltage. At a 
very high frequency, the value of which depends upon the 
size of the valve, this assumption is untenable since the transit 
time of electrons from cathode to grid and grid to anode 
becomes an appreciable firaction of a cycle. One effect of this 
will be to increase the effective conductance between grid and 
cathode, thereby increasing the load placed upon the driving 
circuit. A second result is that although the maximum 
electrons leave the cathode when the grid is at its maximum 
positive value, yet they do not arrive at the anode when the 
volts there are a Tninimnm (examine Fig. 162, where transit time 
is assumed to be zero). As a result the losses are increased, 
allhoui^ the effect can be partly comj^nsated for by detuning 
the anode load-circuit slightly. 

The above difficulties become mare serious when we fry to 
inerease ^ power rating of our amplifier. The size of circuit 
oamponmits has to increase in (oder to carry the currents, 
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spacing must be greater to stand the greater voltages, and the 
valve dimensions have to be increased, thus increasing the 
transit time. For instance, in a normal design of water- 
cooled valve designed for short wave workmg, the transit 
time from cathode to grid is *65 x lO'* seconds, that from 
grid to anode 1 *3 x 10^ seconds, or the total time from cathode 
to anode 2xl0~* seconds. At an ultra-high frequency of 
6X 10’ (i.e. 6 metres) this represents one-tenth of a cycle of 
oscillation. 
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CHAPTER XI 


OSCnULATOBS AND OONSTAITT ISEQTTENOY OSOILLATOBS 

Auchottoh the dJaoovery of the utility of short waves greatly 
extended the useful “ wireless spectrum,” at the same time it 
so greatly increased the usefulness of wireless communication 
that the new frequency bands were quickly filled up. Since 
the modulation band width required is no greater with short 
than with long waves, it follows that if similar selective methods 
of reception are to be used and the available band of frequencies 
fully exploited, the permissible frequency variation (expressed 
as a percentage) becomes much smaller. The frequency of 
the ideal transmitter would conform to four quite distinct 
requirements : 

(1) It would be correct. 

(2) It would not “ drift,” that is, change slowly with 
time. 

(3) It would not “scintillate,” that is, change from 
instant to instant. 

(4) It would be possible to alter it if occasion arises. 

In order to obtain the first condition, accurate methods of 
absolute firequency measurement are evidently necessary, and 
these have now been so highly developed that measurements 
of ficequenoies can be made to less than one part in a million. 

With regard to the second condition, several difterant types 
of constant frequency sources are now available and will be 
discussed in this chapter. Such circuits }»roduce only a 
very small output and a chain of amplifiers is required before 
sufficient power is available to drive even a small transmitter. 
It has already bemi pointed out (Chapter X) that a self- 
osoiUatost is but seldom used as a transmits for short waves 
owing to its general frequency instability, and the nuun 
fisatuxes of a driven cystem were discussed in Chapter X. 

306 
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The third requirement is bound up with the design of the 
complete transmitter. Although a source of frequency having 
a very small drift may be provided, it by no means follows that 
the frequency radiat^ from the transmitter will be perfectly 
steady. It may be found to vary at a rapid rate as soon as 
the transmitter is modulated or keyed. This is because the 
changing loads on the transmitter are reacting back on to the 
frequency sotirce in some way. To prevent this the driving 
source should be kept oscillating and drive into a small but 
constant load at all times. This is best accomplished by 
arranging the first amplifying stage, the isolator, to be un- 
affected by subsequmit modulated stages, and if possible 
operating the valve of this amplifier without grid current. 

Further, if the master oscillator be nm at a lower frequency 
than the main power amplifier, this in itself will tend to pre- 
vent reaction effeqts. There appears to be an idea prevalent 
that it is desirable to produce master oscillator drouits at the 
same frequency as the final frequency to 1^ radiated. Actually 
it is a considerable advantage to employ one at a lower fre- 
quency, not only because of immunity from reaction effects, 
but b^use a larger choice of final frequencies becomes possible 
from one master oscillator. The fourth requirement is a 
difficult one to cater for, but in some cases a necessary one to 
provide and may prove the deciding factor in choice of master 
oscillator to be adopted. 

It is now possible commercially to produce transmitters 
the frequencies of which do not drift by more than 1 part in 10* 
over very long intervals (although a tolerance of 1 part in 20,000 
is sufficient for most purposes) and which scintillate by an 
amount too small to measure. 

In the case of short wave telephony it is essential to reduce 
the scintillation to very small proportions, apmrt altogether 
frrom the questimi of mterfereaoe with other channels, other- 
wise bad distortion due to multiple echoes is produced. 
We have, therefore, to consider suitable types of circuit to 
generate a very constant frequency and capable of delivering 
sufficient output to drive a chain of amplifiers. Before the 
needier such great predsiem arose, earlier driven systems w«»e 
oontnffied by a fairly large (100 watt) drive,- consisting of an 
mriinaty valve sslf-osoillator, working at the frequmioy to be 
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radiated, but it uras found difficult to design a stage of this 
size to be &ee fi’om frequency drift, particularly (Ui ffint 
starting up. 

As the permissible tolerance became less, wireless engineers 
looked around for means of obtaining a more stable driving 
source, and three distinct types of “ constant frequency ” 
drives have been evolved, all of which are maintained in 
oscillation by valves, but the resonating element may be : 

(1) Tuning fork or steel rod. 

(2) Piezo-electrio crystal. 

(3) Special electrical resonant circuit. 

The valve maintained tuning fork, due to Eccles, was the 
first type developed for long waves, and since this is of necessity 
a low-frequency source very many frequency multiplying 
stages are necessary before it can be of use to control a short 
wave circuit. 

The second type, developed by Cady and Pierce as a 
result of original work by the Curie brothers, makes use 
of the piezo-electric properties of quartz, tourmaline, or Rochelle 
salt. Such crystals can operate efficiently up to 15 megacycles, 
and thus but few finequenoy multiplying stages are necessary 
even for short and ultra short-wave circuits. 

' The use of mechanical oscillators temporarily eclipsed the 
resonant-drouit osdUator largely on account of the effectively 
high Q value which is obtained by such means and the ease 
with which a circuit of zero temperature-coefficient can be 
obtained, but recent intensive work on the toohnique of 
the electrical resonant circuit oscillator has established it i^^ain 
in the fore-front, and for certain purposes it compares ffivour- 
ably with mechanical drive systems. 

The choice of what type of master oscillator to use is often 
difficult. An types of constant-frequency, master-oscillators 
are ezpmiBive, the main item not being that of the actual 
components used but the cost of final setting up and calibra- 
tion, this rising rapidly as the tolmranoe is reduced. On short 
waves the fo^ is but little used, and the choice lies between 
tlm crystal and an eleotrioal resonant cirouit. Where very 
great pre^on is required, and tiie frequency can be decided 
without <^ubt, die crystal wffi usuaUy be chosen, but if diere 
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is any question of flexibility, then the electrical resontuit 
drouit will be prefenred. 

Quartz. Certain crystalline substances, notably quartz, 
tourmaline and roohelle salt, exhibit a phenomen<m known as 
the piezo-eleotrio (or pressure-electric) effect. Of these, roohelle 
salt, although the most active, is unstable physically and it 
is not greatly employed. Tourmaline is used occasionally. 



Eiotras 186. 

but for most wireless purposes quartz is preferred and we 
ffliAii only ccmsider this. Quartz. is a very common form of 
silica, but good crystals are only found in quantity in Brazil, 
Ii&klagasoar, and Japan, and as aaSj a very small percentage of 
the quartz found is of any value for pirao-electric work, very 
great care is required in the seleotion of the raw material if 
large wastage is to be avoided. 

A natural quartz crystal can appear in various flnms but 
an idealiaed crystal should take the &m of a he x agonal fnism 
termini^ing nt botli ei^ in a pyramid. The quartz found. 
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however, is for from perfect and in many oases badly deformed 
with faces of uneven size and one end larger than the other. 
Generally speaking, specimens are found broken and a natural 
crystal will usually taper as shown in Fig. 185. 

Nomenclature. Much confusion arises in dealing with the 
nomenclature of quartz, as not only have orystallographers 
not been consistent, but various investigators in piezo-electric 
work have each produced their own particular system of 
notation which appeared to be best suited to their needs. 
This means that the reading of current literature is difficult. 
In an attempt to get rid of the confusion arising, a notation 
was suggested by the National Physical Laboratory, ‘ but it has 
not been widely adopted, possibly because its manner of pre- 
sentation is more suited to the scientist than to the practical 
works engineer. In the sections which follow we propose to 
adhere largely to the suggested N.P.L. notation but to correlate 
it, where it appears desirable to do so, with notation adopted 
by other workers. 

Types of Crystal. Referring to Fig. 186, whidr shows 
idealised types of double-ended crystals, the main body con- 
taii^ three pairs of parallel ffioes designated m, m', capped 
at each end by a hexagonal pyramid, the six faces of which 
are denoted alternately by the letters It and z. The position 
of the crowns at the opposite ends of the crystal is such that 
the R (and z) faces are above one another, but the crown is 
skewed so that the R face of one is directly above the z face 
of the other crown. We may really r^;ard the R and z fiEMies 
of the crowns without the body as forming the sides of two 
interleaved rhombohedrons. Although the size of the various 
faces varies considerably, their angular relationship is very 
definite, however distorted the crystals may be, and this 
angular relaticmship can act as a guide when making cuts. 
Thus the included an^e between adjacent m m ffioes on the 
basal plane is 120°, and the angle between an R iaoe and the 
optical axis is 41° 47^. 

In certain crystals, facets a and x occur at the junction of 
the pyramid as shown in Figs. 185 and 186, and the order of 
these fificets giires the <fiue to the form of crystal. The surfisM 
of a crystal usually shows growth lines across the nm' faces, seen 
in Fig. ISH, which in a good crystal are parallel and unbroken. 
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Quartz may assume one of two simple forms which are the 
mirror ima^ of each other as sew in Fig. 186 ; or a complex 
crystalline structure may result, known as twinning, the latter 
type of crystal being of no value for piezo-electric work. 

Examples of perfect twin crystals are shown in Fig. 187, but it 
should be explained that internal twinning may be present 
in a crystal which to outward appearance is of simple form. 



Left-handed crystal. Right-handed crystal, 

Fxoxnm 180 . 

The notation for crystal faces is shown in Table 1 and the 
position of these faces can be seen by reference to Fig. 186. 

Tablz I. 


NJ».L. R.C.A. 

B A 

z B 

« 0 

« B 

m (under B fisoe) E 

m (under z face) F 


Noct.— F mr conven^oe in discussion we -peoptm to dwote the 
m fiM» under the z ftoe as m'. 
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The simple forma, so called right and left-handed, both of 
whjch are equally suitable for piezo-eleotrio work, are deter- 
mined by whether the sequence of facets m, x, e, and z follow 
the course of a right-hand or left-hand serewthread. Or more 
simply, by whether the facets s and x are to the right or left 
of an R and m face, when viewing the crjrstal with the E and 
m faces to the observer. Such an external feature indicates a 
molecular structure which will give a right-hand or left-hand 
rotation to the plane of polarised light transmitted along the 
optical or Z axis. 

Thus if plane-polarised monochromatic light is passed 
through a slab of right-handed crystal cut normal to the optic 



axis, the plane of polarisation is rotated in a clockwise direction 
when the observer looks at the source through the slab. It 
is also the direction in which a microscope analyser must be 
rotated by an observer who to restore light looks throu^ the 
analyser towards the source. Amongst certain American 
workers a reversed convention is used but it will become 
evident later that, provided due precautions are takmi, the 
“ hand ” of the crystal is quite immaterial. 

The principal axes of the crystal are known as the Z, Y, and 
X axes, which are all at right angles to each other. The Z or 
optical axis, ^hich has already been mentioned, is that about 
which the retaiy .polarisation of light takes place. This axis 
is the same as the crystallc^praphio axis of three-fold symmetry, 
because t^ stmoture repeats itself three times around it. 
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aad a knowledge of the axis is'useful in the selection of suitable 
specimens and subsequent cutting. 

The X or electrical axes, of which there are three, ate each 
one parallel to an m face, and they hare a two-fold Eymmetiy. 



LEFT HAND RIGHT HAND 

Itomo 188 . 

Thus in Figs. 188 and 189, the thick line axes, marked X, each 
at 120" to each other, are electrical axes htmag a pontili^ 
soise. It is to be noted that only in a perfedly equal'rided 
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hexagonal crystal 'will the X axes pass throng the comers of 
the crystal. 

At right an^es to the electrical axes are the so-called mechani- 
cal ^es, of which again there are three (shown chain dotted 
and marked T), each one of which emerges from an m face with 
positive sense, and is at right an^es to an X axis. 

With the N.P.L. notation, the rotational sense of a positive 
X axis to a positive Y axis is the same for both a left-hand and a 
right-hand crystal as shown in Fig. 189, but the usual mathe- 
matical notation is such that the rotational sense of the 



LEFT HAND RIGHT HAND 

N.P.L. NOTATION 

EioimB 189. 


positive Y axis to the positive X, is clockwise for a right- 
handed, and anti-clockwise for a left-handed crystal, looked 
at from above, as shown in Fig. 188. 

Actually, the point is not very important because, when 
orientating a crystal about the Z axis, the same residts are 
obtained if it is orientated from a given axis (i.e. a point of 
symmetry), either dodcwise, or anti-dockwise. 

The Piezo-Electric Effect. When stressed by pressure 
or torsion, a quartz crystal may, in certain circumstances, 
exhibit a piezo-electric effect, that is a mechanical force may 
produce an eleofri? charge. Or conversely, when placed in 
m electric field it<wffl exhibit i^am and mechanical distortum. 

Thus if a quartz crystal is cominessed by pressure along <me 
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of its X axes, which implies ajx extension along a T axis at 
right angles, the six edges of the crystal become charged 
alternately positive and negative, a negative charge always 
appearing at those edges carrying facets, or in the absence of 
facets, those edges which would have carried them had the 
crystal been so formed. The edges in which the compressed 
axis terminates exhibit the greatest charges ; thus in Fig. 188 
(and 189), if pressure is applied across a pair of edges, eay front 
to back (elevation) negative charges will appear on the three 
edges under the facets, shown shaded in plan, both with the 
left and ri^t-handed crystal. Such charges of course could 
be observed by means of a low-capacity electrometer. 

It will be observed that when the position of the B and m 
face is determinable, evmi if no facets are present, it is possible 
to find the hand of the crystal by applying pressure along any 
X axis and noting the sense of the induced charges at the 
comers. As is seenfrom Fig. 188, if the induced negative charge 
is at the right-hand edge of an m face, the crystal is right- 
handed. 

It is clear that the application of pressure along a Y face will 
have a similar efiect (although it is not a usual procedine), 
except that the charges induced will be opposite in sign, but 
pressure applied in a direction along the Z axis produces no 
electric charge anywha«, neither does pressure applied evenly 
to all parts of the crystal (such as hydrostatic pressure), and 
the application of pressure to the crystal in directions other 
than X and T will produce, as would be expected, complex, 
distributed charges. 

As stated above, the converse effect also occurs, that is, the 
application of an electrical potential aorcNss an axis in the 
equatorial plane produces a contracticm or extension along 
corresponding X and Y axes. Hence if we imagine a plate of 
quaartz cut at an appropriate angle, subjected to an alternating 
electric field, it would be forced to expand and contract at the 
frequracy applied. The mechanical oscillation will be of very 
small amplitude, however, tmless the aj^lied frequency is 
the same as the mechanical resonance of the plate which 
depends upon dimensions, Ahe way in which it is out, and upon 
the elastio constant of the qtiartz. We will see later that tl^ 
frequendes of osdUarion that can. be produced are extremely 
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high and thus ■we have a means of producing a convenient form 
of mechanical oscillator which can be maintained electrically 
at radio frequencies and piezo-electric control devices are be- 
coming of increasing importance in wireless work. Before 
discussing the variety of .ways in which crystal plates may 
be cut, it will be desirable to say something about the selection 
of suitable material. 

Selection of Quartz. Since a large percentage of the 
natural quartz is useless for piezo-electric work, methods of 
preliminary inspection and test are of considerable importance. 
Although in some cases the external shape can give a clue to 
the goodness or otherwise of the crystal, it is often difficult 
even to distinguish the faces one from another on account of 
malformation . To give an example : out of 10 selected samples, 
with a possibility of 30 x and 30 s facets, only 6 x and 10 s were 
actually present. Further, quartz which to the eye appears a 
simple growth, as Fig. 186, may internally be malformed. 
Hence optical and electrical tests become desirable before any 
cutting takes place. 

A preliminary examination of the raw quartz is often made 
by placing it in a bath of winter green (Methyl-salioitate). 
Plane-polansed m,onoohromatio light is projected along the Z 
axis, and the crystal viewed through an aa^yser along the Z 
axis, which will detect twinning. A further and standard 
test for the detection of one form of twinning is to polish and 
etch with hydrofluoric acid selected faces or sections, and 
examine the etched surface pattern by eye.“ Having elinunated 
crystals with twin growth, simple types having mechanical 
flaws are best avoided. 

Having selected a q)ecimen which is probably of good 
quality, the crystal will be sliced through normal to the Z 
axis and a specimmi slice taken for optical examination using a 
polariscope. 

A polatisoope consists of a source of light, polarised by a 
Niool prism, in line with which is a second Niool, and a viewing 
eyepiece. The second Niool is rotated so that light is extin- 
guished, and if now the quartz section be placed between the 
Nicols, beeause of /the optical properties of the quartz, light 
again passes in a manner wldch reveals the stiruotuie of the 
sUb. 
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Suppose a perfect specimen of (oystal, which has been cut 
exactly normal to the Z axis, to be placed in a polarisoope 
in which a ‘‘white’' light is used. Then the crystal would 
appear to be of imifoim colour when viewed through the 
polaiiscope, the actual colour depending upon the thiohness 
of the slab. When an average specimen is viewed, however, 
it will usually be found that only an area near the centre will 



QUARTZ SLICE Uin)ER POLARISED LIGHT. 
JhoxjsM 190. 


show imifimnity and the rest oL the section will be broken up 
by a spectrum of colours whose brilliance and shape reveals 
the presenoe of impeifeotimiB in the main crystal. Fig. 190 
shows a slice photographed through a polaiiscope, where the 
lig^t parts represent the feults and are seffli as a series of 
colour spectra. These areas are quite useleas and wQl be 
marked so that they can be ignored in the subsequent cutting 
proOMs. For the cut^g of inclined |^tes (to be discussed 
later), it is essen^ toHbe aMe to ident^ the or%ioal positions 
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of R and z faces with respect to the m faces. If this was not 
done by studying the pyramid top, before cutting the specimen 
slice (possibly because of malformation), the various faces can 
be found by applying the electrical test mentioned on page 314, 
by viewing the slab through a polariscope, and by determining 
the hand of the crystal. 'This can be done by the use of plane- 
polarised white light viewed through an analyser and the 
employment of a single or double bi-quartz wedge. The 
electrical test determines the comers at which the a and z 
facets were above, and the hand of the crystal as determined 
by the polariscope and bi-quartz wedge determines whether 
the m face is to the right or left of the negatively charged comer 
asshowninFig. 188. Thus although a knowledge of the hand of 
a crystal is of no importance in itself, it becomes necessary 
as a means of distinguishing between the m face below an R 
face and an m face below a z face. 

As a result of the optical and electrical tests which have 
been indicated, it is possible, not only to pick out the areas 
of bad quality from a crystal specimen, but also to identify 
the faces, and so obtain a datum from which to cut a cryst^ 
to a specified angle, no matter how malformed the original 
specimen may have been. 

Cutting. It can be imagined that with crystals of uneven 
shapes and weighing up to several pounds, the holding of a 
crystal so as to obtain a cut of specified angle to any given axis 
or face is a difficult matter, and up to now it is the usual practice 
not to attempt direct cutting, but to saw. the block up into 
slabs out normal to the Z axis and out from such slabs as 
required. Cutting is carried out on what is virtually a milling 
machine, using for a cutter a type of lapidary’s saw, that is a 
thin copper disc charged at the rim with diamond dust ; or 
thin mild-steel discs are also used ; or thin bakelite discs 
impregnated with carbmundum or diamond. ’For sub-dividing 
into the finished crystal it is the praotioe to mount the rough 
blocks on to an accurately ground face-plate (often with thin 
groimd-glass supports above and below) by an adheidve gum, 
and out frmn the block the required crystal plates. A sufficient 
margin of matmiy must be allowed for lapping to the finished 
gaze, the margin necessary beii^ detomined by the type of 
orystid-out and the final predskm requiredl. ‘object of 
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the glass supports is to prevent chipping of the crystal 
edges. 

Although the final lapping of high predsion crystals is 
always carried out by hand, there has been a great advance 
made in the use of automatic lappmg maohiuOTy, following 
the technique used in producing high-grade lenses. A great 
deal depends upon the care and adjustment of the machines 
themselves, but it is possible to obtain with a good machine a 
surface which is flat to within a tolerance of KT* of an inch. 
When a fine polish and true surface is essential, a final lapping 
is carried out by hand using a stationary lap, and it will be 



appreciated that in high-precisian work it is impossible to 
work by micrometer readings alone, and it becomes a matter of 
fioquent rubbing, cleaning, and testing in situ against a pre- 
cision flvquency-standard. 

Types of Cut of Ciystal Slices. We propose to discuss 
first, plates of the simple so-called E, Z, and F outs, whose main 
d^nitum is generally agreed by aU writers, and to which all 
other types of cut are directly related. 

Ocmridm a thin, reotangnlar crystal-plate cut from a slab 
such as we have been disoussing. Whm the cutting plane is 
nomal to the E axis, ^ resuli^ ciri is called a E out, and a 
plate so poduoed will have no pezo-eleotric pec/pexiadB if the 
deetaodes also are nor&M to the E^ari^riw has beat arplained. 
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When the cutting plane is made normal to an X, or electrical 
axis, the main faces lie in the YZ plane, and a parallelapiped- 
so cut woidd have sides of lengths x, y, and z, where these are 
dimensions parallel to the axes Z, F, and Z, as shown in Fig. 
191 (right). Such a crystal plate is known as an Z out ; or 
sometimes as a “ Curie,” or “ face perpendicular ” cut, terms 
now to be deprecated. Piezo-electrically such a crystal will 
have a strong edge vibration aJong.the Y axis, and a weaker 
mode of compression and extension along the Z axis. Since 
the face dimensions are usually large compared with the 
thickness, the former fi!:equency wiU be low compared with the 
latter, the rule coimecting frequency with crystal dimensions 
being approximately : 



/ttalokUH 


2750 

y 

2760 

X 


( 1 ) 

( 2 ) 


where / is in kc/s and y and x in mm. 

If we out a Mwiilar thin rectangular plate lying in a plane 
normal to a F axis. Fig. 191 left, such a plate is known as a F 
cut, and sometimes as a 30°, or face parallel cut, terms now to 
be deprecated. Such a crystal will be found to be very active 
in the F direction, that is in shear mode about Z, the resulting 
(thickness) frequency being ; 


2070 


( 8 ) 


where/is in kc/s and y is in mm. 

The reason for the 30° classification can be seen by reference 
to Fig. 188. From this diagram it is clear that rotation of a 
vertical cutting plane about Z alternates every 30° between 
an Z and F plane, and hence from an origin of an Z out, 
the adjacent F cut will be obtained by rotation of the cutting 
plane by 30°. 

The N.P.L. notation redassifies Z and F cut plates, as the 
vertical cutting plane is considered to have ah origin along the 
Z axis (giving a y out) and thus a 30° rotation from this origin 
results m an Z out crystal plate. « 

It should notbd in pasmog that certain wmkets consider 
adjacent Z and T axes as oomplementaiy, whereas others 
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prefer to consider the complementary X and Y axes at right 
angles. 

The foimnlse 1, 2, and 3 are derived from a consideration of 
the mechanical stracture of the cr 3 rstal. The oscillation of a 
quartz plate is due to mechanical waves in the plate setting up 
stationary waves, either longitudinally or transversely to the 
mechanical axis. 

The velocity of propagation for a mechanical wave is given by 

"V® • • • 

Where v is velocity in cms. per second, 

E is the elastic modulus in dynes per cm* in the plane 
considered. 


p is density in gm. per c.c. 


For normal specimens of quartz 
E = 8 X 10“ 
and p — 2*654 

Then v — 6*6 x 10* cms. per second. 
6*6 X 10* 


} 


Average values. 


Now \ = 


or 


\ = 


V 
1 
6600 


where X is in cms. and/is in cycles 
^ per second. 

where X is in mms. and / is kcs per second. 


If the crystal is free, the frmdamental vibration, whether 
longitudinal or transverse, will dearly be at a half wavelength 
with a node of movement at the orys^ centre. Thus if y and 
z are crystal dimensions in mms. along the Y and X axes, 
then sinoe ; 


X s= 


2p and X^ « 2a; 




6600 

f 


yocx 


2760 

/ 


as stated above. 


This example applies to an X cut csystal only. 

Ndtfrer the X out, nor tihe Y eat, crystal plates ore now 
gireatfy used as both have a po<Hr temperatm!e*KX)effident, and 
sufiee fixmi a phenomenon hnt^ stepping, to be expLahted, 
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dtie to the complex type of vihratioQ 'within the crystal. 
With thin plates, where the thickness is not more than sfVth the 
edge length, the temperature>ooeffident of the X out plate is of 
the order of — ^20 to —60 parts in 10* for +1® C. temperature 
rise, and that of the T out, of the order of +00 to +100 
parts in 10* for +1® C. temperature rise, the thinner the plate 
out, the worae the -value of temperature-ooefSoient. 

Although the thickness ficequency of a F cut plate varies 
approximately as = 2000/y, yet if a plate be gradually 
decreased in thickzi^, a curve of / against y does not 
give a sixaight line but sudden jumps in frequency occur at 
points to give a discontinuous hne. These disormtinuities are 
termed stepping points, and result when the edge vibraticms, con- 
trolled by the size of the faces of the plate, are coinciding with 
sub-multiple frequencies of the wanted thickness frequency. 

We can really liken a quartz plate to a veay hi^ Q electrical 
resonant circuit (values of 26,000 in air and 200,000 in vacuo 
being possible), to which is coupled a number of subsidiary 
tuned circuits, also of high Q ; the degree of coupling and 
frequency relationship to t^ frmdamental 'varying -with 
crystal dimensions. As long as these subsidiary circuits ate 
in-harmonic, or have zero coupling, they will not affect the 
main oscillation, but small changes in dimensions, or in the 
method of holding the crystal, or a temperature change, may 
bring one or other of these circuits into effect. 

As a plate is ground it is often possible to anticipate the step 
frequencies, and in the event of a step probably appearing 
at or near the required frequency, either the crystal must be 
utilised for a different frequency, or its outside dimensions 
vessieA so as to decouple, or change the relative frequencies 
of edge to thickness. Avoidance to the proximity of stepping 
points is dso desirable on account of the fact that a crystal 
is usually less aoti-ve in such a conditicm. 

Crystals of Low Temperature-Coefficient. It is dearly 
an advantage if a crystal can be. out to have good piezo- 
dectrio propertms and at the same time to have a low tempera- 
ture-ooeffident. Than are many ways in which this object 
dan be achieved, fra: a limited temperature range. 

ffinoe it is friand that a F out crystal has a positive 
temperatore-eoeffident and an X out crystal a negative 
M 
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one, ciTBtals having a oylindrioal or nearly oubio ahape should 
have a ooeffioiwt which approximates to zero, lliis is found 
to be BO. Thus Marrison produced low-temprarature crystals 
by making them in the form of a thick ring the iimer face of 
which was doubly tax)6red to a narrower neck at the ring 
centre. 

The low temperature-coefficient k probably due to the 
general increase of thidmess compared with the transverse 
dimensions rather than by virtue of the ring construction, 



X=M9y 


Frorntx 192. 

although the particular shape enabled Marrison to support.the 
crystal by a line contact giving the least possible mechanical 
restraint. 

T. D. Parkin has produced crystals which are nearly of cubic 
shape, cut to a dimension which compensates for the diEsrence 
of temperatuxe-ooefficimt. 

The “Cube” is out with sides exaotfy parallel to the X, 
T, and Z axes, the te^h along the X axis being approxi- 
mately 1*19 times that atoig the r, and the depth of tlm crystal 
alok^ the X atii being equal to that along the X axis (seeEig. 
192). Not only does sudr a out give a very low tenqperatnte- 
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coefficient over a oertaiD temperature range, but the dimensicax* 
ing is such that the two modes of oscillation coincide and such 
a crj^tal is substantially free from stepping troubles. 

Since the frequency of a Cubic crystal is given approximately 
by: 

1910 

it is seen that the range covered by reasonable size cubes 
limits their use to the lower end of the high-frequency scale 
as shown in Table III. 

Inclined Angle Cuts. It has already been mentioned 
that X and Y cut plates suffer from two disadvantages, a bad 
temperature-coefficient and sptuious modes of oscillation. 
It has been found that plates can be out at certain an^es 
inclined to one or more of the axes which will be free from one, 
or other, or both these disadvantages, but it will be best to 
treat the two oases separately. 

The resonant frequency of a crystal has been shown to be 
due to mechanical stationary waves set up within the quartz 
and from the formula on page 320 we can write 

1 I'W 

• ( 5 ) 

where E is the elastic modulus in the plane being considered. 

If a quartz plate is changed in temperature, the frequency 
resulting will be dependent upon how the various toms in 
(5) vary, and it can be shown that whereas the temperature- 
coefficient of p k independent of orientation of the plate, that 
of the thickness dimension and of elastic constant vary with 
plate dunensicms and orientation. The chief change brought 
about ly change of orientation is as a result of the alteration 
in the elastic constant. Smoe quartz is non-isotropic, the 
elastic constant varies with direction, and in Fig. 193 is shown a 
three-dimensional diagram whiqh indicates in polar form the 
value of E in the various directions, each ^dtepiate section 
considered as . a polar curve depicting the chad^ of E along 
the TZ and XZ planes. Thus the section lying in the plane 
of the paper is ai;F^ curve, the edge next adjacent forward is 
in an plane, that forward a^in a TZ plane, and the 
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section seen edgewise is in an XJZ plane. Erom this it is seen 
that whereas the polar curve is symmetrical about an XZ n-Tia 
plane (although not circular), it is very as 3 nnmetrical about a 
ZF axis plane, E reaching a value of about IS X 10” at 60® on 
one side, towards any m' face, and a TnininmTTi value of 7 x 10^^ 
at 70® on the other. Viewing the crystal from different planes, 
this as 3 anmetry revises in direction at each adjacent T axis. 



J!iauBB'193. 

m 

Thus Fig. 188 shows the polar curve in a FZ plane related to a 
Mt-hand and light-h^d ciystal respectivsly, but &oing any 
positive X axis of the crystal, as seen by the plan and elevation 
above. It should be dearly lealked, however, that once a 
rotation through each 60® of the cry^ before the observer 
revorses the direction of the sense of the axes, and changes the 
teladive positions of mm*' ffsces, it will akoxetene the a^nunetzy 
of the elastic modulus figure. Thus the clobkvdse, <sr anti* 
dodkwise bias of these figures naiat not be assooiated with 
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left or right-liaiided cuystals but only with a change of view- 
point and the relative positions of the m and m' face. 

At and near the Y axis plane, that is in the region of greatest 
asymmetry, the modulus changes rapidly, and it is found that 
a large variety of outs inclined at different angles with respect 
to the XZ plane have a substantially zero temperature- 
coefficient, over a limited temperature range. 

Consider a rectangular section of quartz crystal cut from a 
Z out slat as shown in Fig. 194 (front section removed), and 
imagine a Y out paralMepiped, whose dimeosions are indicated 


2 Z 



by X, y, z, parallel to the X, Y, and Z axes. As explained 
previouidy, such a slice will have an active shear vibration, 
and a less pronotmoed edge vibration. If we rotate the out 
of such a plate, either way, about its bottom edge, i.e. about 
the X axis Fi^. 194 (right), the more it is rotated towards the 
horizontal positimi, the less piezo-eleotrio activity it will have, 
the relationship of an^ of rotatkm to activity being as shown in 
F^. 196 : owmg to the asyinmetiio nature ofthe crystal structure, 
however, the temperature-ooeffioient tilt-an^^e curve for the 
shear mode assumes a form as shown hi Sig. 196, full line. 
From this we observe that an angular rotation of 35° towards an 
m fime or a xevenMid rotation of 49° towards an m' face results in 
a neito tea np er at taie^ooeffioient bdng obtained, both types of 
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vils»tion being still of the shear type, and both being liable to 
spurious oscillations, unless precautions are taken to avoid them. 
The 36° angle cut will have the greater activity, and it is desirable 
to point out that the sense of angles will change with the hand 
of the crystal and with the viewing position. By working 
with an tn face as guide, however, the correct sense will always 
be obtained. 

Crystals cut in this way, which were first investigated by 
Beclunann and Koga, are known as r outs by Koga, and AT 
and BT cuts by the Bell Telephone Laboratories. 

With a tilted plate, since the crystal characteristics are 
changed, it is usual to denote dimensions x', y', z', and the 
new axes X', Y', Z', and thus with a plate tilted through 90° 



we get the anomalous conditions of a T' axis coinciding with 
a Z axis, and a y' side coinciding with a z side, etc. 

A simple inclined cut, such as we have described, can clearly 
be specified by two an^es, one giving the inclination from a 
datum plane, either horizontal or verticid, and the other 
giving the angle of rotation about the Z axis &om a given 
idane. Because of the asymmetry of crystal properties, it. will 
be necessary for smise to be specified, either in terms of the 
vertical or horizontal an^e. 

If, in addition to tilting the plate, we change its horizontal 
<Mrimrtati<m by a bodily rotation about the Z axis (which will 
not change the an^ of tilt), we get what is called by the Radio 
Cloiporstaon of America a VW out, Eig. 194 left, then for azy 
ipyen rotatkm ang^ W up to some 16° mther side the XZ 
ptatie it is posmUe to find a oorzect tiHt aat^^ V to give a zero 
tempentaiie>ooefficieint. With all snoh mdined outs it is 
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assumed the final plate is out from the inolined slice with sides 
parallel and normal to the top and bottom edges of the slice 
from which it was out. 

If the parallelepiped is cut from an inclined slice with its 
sides at an angle to the edges of the slice, as shown in Fig. 197 
bottom left, such a out will be a out “ skewed ” to all three 
axes. We could of course imagine such a plate as having been 
produced by giving to an original Y out parallelepiped first an 
inclination about X, then a bodily rotation about Z, and thmi 



a tilt on to one comer, keeping its major face in the same plane. 

The speoifioation of a tilted shewed out is rather more difficult. 
Its three axes can be specified in terms of three angles relative 
to arbitrary planes; or the inclined slice from which the plate 
is fintdly out can be spedfied in terms of two simple angles as 
stated, and the inclination defined separately. 

N.PX. Notation. Hie N.P.L. use as a datum plane for the 
speoifioatioh of all outs, a plane at right aii|^ to thet Z axis, 
called the Z plane.^ Thus in Hg. 197 s is a Z out parallele- 
pip^ out at right ang^ to the Z axis (shown outside the dab). 
Any other out is obtained by first giving to the cutting plane. 
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now hcoizoatal, a rotation about the X axis of “oatrured 
firom +7 (that is from the axis emerging from an tn 
and then a bodily rotation of T about the Z ama, ihe ^ti^ 
of rotation being from a positive to a p^tive Y 
axis, the inclined cut being then simply defined as •» f • 

With such a notation, the rotation angles are mthout toe 
necessity of sense, positive or negative, becauM 7®^^ 
fttiglft may have tea^ value between 0® and 180 , and thus the 
a^nmetry of the crystal is allowed for by whether tlm an^ w 
lem or greater than 90®. Observe that the vertical angle is 



always measured from a poative Y axie, ^t is from 
emerging from an m face. This may be a dockww ot imti- 
okK&wise direction depending not so much up<m the h^d of 
the crystal as the viewing position, as previoudy mentio^. 
The horizontal an^ may have any value up to 60 as station 
tiioi^(h this an{^ brings the cut back to a n® 

usiM toe N.PX. notation, a 7 out crystal beoon^ 90 ,0, 
and an X out 90®, 30°, the rdatiwaship of tlm notation to this 
and other cuts being shown in Table 2, and Kg. 196.^ 

In the case Of a tated skew cut, the ai^ of tflt rftiie find 
date cut ft<mi the skewed shoe ifl d^ned separately, nanwly 
M the acute an^ (measured oounter-dockwise) whidi one 
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aide of the plate makes Trith the top edge of the mdined alioe, 
the indined shoe from which the plate is out having been 
defined separatdy as above. 


Table II. 


Alphabetic 

N.P.L. 

Bell 

R.C.A. 




ANGLE or 




7. 

R. 

7. 

JB. 

R. 

7. 



X. 

9 

e 

W. 

V. 






B. 

A. 

Z 

0® 


90“ 


90“ 

0“ 

X 

90“ 

30“ 

0“ 

60“ 

0“ 

0“ 

Y 

90“ 

0“ 

0“ 

30“ 

0“ 

30“ 

AT 

66“ 

0* 

36“ 

90“ 

-»-36“ 

30“ 

BT 

138“ 

0“ 

48“ 

30“ 

48“ 

30“ 

CT 

39“ 

0“ 

39“ 

90“ 

-39“ 

30“ 

DT 

146“ 

0“ 

66“ 

30* 

66“ 

30“ 

AC 

69“ 

0“ 

31“ 

90“ 

-31“ 

30“ 

BC 

149“ 

0“ 

60“ 

30“ 

69“ 

30“ 

GT 

61“ 

0“ 

45“ 

— 

— 

— 


Note. — ^I n the above table 1 ehowe the angle of inclination and 
R the rotation angle. 


American Notation. In America two systems of notation 
have arisen, one originated by the Radio Corporation of America 
and the other by the Bell Telephone Laboratories. Both 
difier from the N.P.L. by adopting the Z axis as datum fmr 
the of indination, and not the Z plane, and they difier 
fix>m each other and from the NJP.L. by a difrermt oonventicm 
as regards the horizontal an^ of rotation. 

The Bell Telephooe Laboratories identify their main types 
of crystal plates by letter notation and an inclination angto 
positive or negative, depending upon whether the new Z' 
axis is towards or away from an m face as indicated in Fig. 196. 
Whereas the inclination angles for the various alphabetic outs 
are shown either side of the Z axis, their E^pedfication is, how- 
ever,- determined by an angular deviation fiem the three axis 
planes. Thus in Tig. 198, which shows a rectangular plate 
inclined to al](,<tfaxee axes, its orientation is defined by the Bell 
Laboratories In terms of three angles Q , . Thus alfhough 
in their alphabetio designation of AT, BT, etc., plates the new 
axis Z* is defined towards or away frmn an m fbce, in their 

M* 
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specification the inclination angle is defined by without 
sense. The asymmetry of the crystal is therefore allowed for 
by giving sense to the rotation angle 6 measured from an edge 



188 . 


not a face, a positive sense being 
anti-clockwise, and the negative 
sense clockwise, for a right-hand^ 
crystal. As mentioned previously the 
Bell Telephone Laboratories defini- 
tion of right-handed and left-handed 
quartz is opposite to that of other 
workers in the piezo-electric field. 

The definition of the final tilt is 


obtained by the aiigle which 
is defined as the an^e by which a out inclined and 
rotated d* about a horizontal axis, is then rotated about the 


new Z' axis. This second tilt will clearly change the direction 
of the X' and F' axes from the direction before tilting, and 
it would appear therefore that this type of specification is 
somewhat difficult of interpretation. 

The R.C.A. have a difierent system of notation. For the 
angle of inclination, they adopt the Z axis as datum and define 
the angle of inclination as R®, positive away from the m face, 
and negative towards it. • For the rotation an^e about Z, 
the specification is somewhat involved, but virtually it may 
be considered as specifying the angle (measured clockwise or 
anti-clockwise) from an equivalent T axis. Thus a Y out 
plate will be defined as A 30° B 0°. 


Of these notations, correlated in Table 2, the N.P.L. system 
is adequate for all types of cut, it is quite without ambiguity, 
and, is the only system which defines a plate inclined to all 
thrM axes in a simple manner. Where no ambiguity exists, 
the designation of plates by letter appears highly desirahle, 
such for instance as " Z ” plate, " Y ” plate, etc. 

He ft 66“ f 0“ {AT) and the n 138® f 0® {BT) zero tmu- 
perature cuts joevioudy mentioned ero tfaickn^ shear inodes, 
statable for high freqtimoy -work as indicated in Table HI. 
Since, however, a crystal has a twofold dimension at ri^t 
tangm, it would be expected that two outs oomplementaiy to 
55® and 188® would also give a zero temperature-oo^deat, 
but having a different mode of osoilhttkm---nam:e>fyr, across 
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the &oe of the plate. This is found to be so, and low-firequency, 
diagoDid'-shear-mode plates at values near n 146^ (DT) and 
^51° {CT) inclination are found to have a zero temperature- 
coefficient, the first being 
complementary to the AT 
plate and the second to the 
BT. The relationship of the 
AT and DT plates is shown 
in Fig. 199, which also indi- 
cates the modes of vibration, 
and the dotted curve in Fig. 

196 shows the relationship of 
temperature - coefficient and 
an^es of inclination of 
diagonal-shear plates. 

All the plates we have men- 
tioned sufier to some extent 
from coupling effects to other 
modes and as mentioned previously the “temperature-fre- 
quency change ” relationship does not hold over an infinite 
temperature range, but is limited. In most cases the shape 
20 1 ^ j ^ r“ '”" 1 




TEMPERATURE 
FlOtTBE 200. 


of the “ temperatuie-frequenoy change ” curve is parabolic as 
shown in J%. where curves for sheeted oxystal plates are 
given. 
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■ The Radio Corporation of Amerioa have fotind that with a 
.change of rotation angle away from the X axis, and a cones* 
ponding alteration of the inclination angle, a whole series of 
outs, with appropriate angular notations (designated VW), 
can be found with an extmded range of temperatures over 
which the coefSdent is zero. 

Zero-Coupling Crystal Cuts. It is found that a simple 
inclined out, oscillating in h.f. shear mode, can be formd where 
the coupling between edge and thickness modes is zero. Two 
such cuts are n 69°, ^ 0°, and ti 149° ^ 0°, so called AC and BC 
by the Bell Telephone Laboratories, but by a change of 
rotation angle a series of outs having similar oharaoteristios 
will be found. 

The Bell Telejdione Laboratories have also devised a out 
having a limited frequ^oy range, which is most interesting as 
it not (mly has zero coupling, but a zero temperatmre-ooeffioient 
over a very wide temperature range. This cut is called by 
them OT, and in N.P.L. notation is a rotated inclined out of 

61°, f 0°, 6 46°, and is obtained by first cutting a CT tj 61°, 
^ 0°, and then cutting from this a crystal plate with sides at 
46° to the edges of the block. It has relative edge dimensions 
of width to length of *86 to 1, and the width determines the 
frequency obtained. 

According to the Bell Laboratories such a (uystal oscillates 
in compression and extension about a nodal line across the 
centre of the plate. This can be seen from Eig. 199, where the 
top plate shows the diagonal shear vibration of a CT type 
plate, and it will be dear that if a plate was out from this with 
sides at 46°, there will be extensum and compression about a 
diagonal of the CT out plate. The extoxded temperatiue 
range over which its fi»quenoy remains constant can be, seen 
from Fig. 200. 

The overall dimensions of the various plates we have men- 
tioned are governed partly by power considerations and the 
use to which the crystal is to be put, partly by holder design 
and to avoid sputions oscillation modes, but for thin plates a 
face dimenrion of aboirii 26 mm. square appears to be a g^eral 
dimension, the actual thi<A;ness being usually deterinmed l>y the 
freqnenqy required. The table fidlowiog gives rdevant infor* 
maricih regarding the various types of ont we have enumerate. 
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Resume of the Various Cuts. From a study of the above 
table it is clear that by the selection of the proper cut, a great 
range of fundaniental frequencies can be covered. 

Not all these (nystals are used, however, for oscillator work, 
as they are not active enough and would therefore be difficult to 
start into oscillation and probably give only vray small output. 

The most active plate is the F cut, but its bad temperature- 
coefficient precludes its use in most cases, and if we exclude 
the X cut crystal for the same reason we can assume that of 
the others, the AT, BT, CT, VW, DT, OT, and Cubic are 
useful for oscillators. The X, AC, BC, and OT are used 
as resonators, and as impedances in filter networks. 

In its range the Cubic crystal is the most economical as 
regards quartz and manufacturing costs. Not only is it the 
smallest in overall bulk, but because the faces are parallel 
to the principal axes of the crystal, it is eai^ to set up on the 
jig and cut almost straight, away to finished dimensions. 
Further because of its shape a much greater percentage of the 
good quartz may be utilised. This type of crystal is free from 
furious oscifiations, but its temperature-frequency charac- 
teristic is parabohc. It is not critioal as regards holder design 
and its small bulk makes for a compact unit. 

Of the inclined cuts, the AT cut is most active, it can 
be made for a large frequency range, and it gives a good output 
and can be clamped in its holder. It suffers, however, from 
stepping troubles and like all angle outs it is wasteful of 
material in manufacture. The BT out can be made to 
higher frequencies than any other type of crystal, it can be 
clamped, but it is less active than the AT cut and gives 
smaller output. The CT and DT outs cover a lower 
frequency range and ate alternative to the Cubic iype of 
crystal. They require cazefol damping at the centre thus 
requiring a special type of holder, and they cannot be over- 
loaded. One of the great advantages is, however, that they 
can be ground to a definite frequency at a definite temperature 
without great difficulty. This is possiUe because the frequency 
of the plate can not rmly be decreased by grinding, but also 
increased as weU. Increase of frequency is obtahied by grind- 
ing tibe oocaeas away, and decrease of fiequmiqy is possiUe 
by grinding away the eratie, and thus a omnceothni over- 
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grinding con be made without difficulty, although it will be 
realised that the temperature-frequency curve is parabolic. 

The OT plate appears to be suitable for all classes of work and 
its mode of osciUatiou lends itself to rigid clamping by a holder 
of simple design. 

Cr3rstal Holders. It wiU be obvious that the crystal 
holder will play some part in determining the final frequency 
of the crystal unit as a whole. Although the aystal itself 
is the main factor for determining the frequency of oscillation, 
the method of mounting must influence the ^quency, even 
though this will be a second order effect, as the holder is bound 
to add capacitance and damping. Thus, although a simple and 
inexpensive t 3 q>e of holder can be devised for oystals having 
a wide tolerance, such for instance, as used in ship stations, 
portable sets, and rough-check wavemeters, where a precision 
of not more than 1 peurt in 20,000 may be required ; the design 
of a holder for crystals used for high precision work (such, for 
instance, as in a ^quency-checking station) will need the most 
careful consideration. 

Before modem methods of grinding and sur&cing to a 
precise value were developed, it was common practice to 
cany the crystal in a holder containing an air gap, which 
coffid be adjusted to bring the crystal to the required 
frequency, a variation of 1 part in 2,000 being easily possible 


by gap variation with the ordinary 
Y cut crystal, a typical variable-gap 
holder being as shown in Fig. 201. 
This is not good practice where only 
a small tolerance is possible, and 
present-day holders are usually de- 
signed either without gaps, or when 
a gap is used, it will be fixed, or possi- 
bly given the very smallest amount 
of adjustment. For the highest pre- 
oisi<m, the holder will often be evacu- 



ated, or partisilfy evacuated, as this iteon 201. 


protects the orystal from mc^ture, 

barmnetrio changes have no influence, and the vihndion of the 
caystal cannot ket up air resoiumoe changes, Imt genendly 
^leaking such crystals will not be used for oscillator work. 
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’ Holden generally axe of two main types. One which damps 
the dystal either on the faces of the crystal, where this is 
possible, or nodally, on point, or line contacts depending upon 

SPRING WASHER 


CRYSTAL 


Fiocbi 202. 

the type of (aystal being held. Secondly a type of holder 
having a fixed gap (or possibly having a very small variation) 
and designed to carry the crystal resting on one face and lightly 
constrained laterally. With the Cubic crystal another type 
of holder is sometimes used in which the crystal is suspended 
in air between the electrode faces. 

A simple type of holder, in which the crystal is clamped 
lightly between two electrodes by means of contact springs is 




shown in Eig. 202, such a holder bdng useful for oedllator 
crystals, using an AT or T out. 

JB^uxes 208 and 204 show two types of hddars designed 
for <^Mo fflit orystals. In the fird) a small air gap is allowed 
between the top of dm crystal and the electrode, and the crystal 
h h^ laterally inside a thin ring, notdied to tidce the ornners 
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of the ctystal. Such a otTstal tmit would be suitable for toler- 
anoes up to 2 parts in 10*, and would be used for osoillators. 
The holder shown in Fig. 204 is novel as the otystal is susp^ded 
in a cradle of silk threads, with threads stretched across the 
faces of the dTStal to prevent sideways movement, the crystal 
and cradle assembly being mounted centrally l^tween the 
elechrode faces so as to leave a small air gap eadi side. Such 
a crystal assembly has a p^oision within 3 parts in lO' and 
would be of use for frequency-checking equipment. 

For precise work with certain of the inclined cuts, clamping 
can be resorted to, but only at selected nodal points. It is 
dearly a great advantage if the design can be such that firm 



Fiotmi 204. 


damping is possible, as it solves the transport problem very 
considerably, for with undamped crystals any mechanical 
disturbance tends to shift the frequency. For instance, in 
the or cut, where the crystal vilurates about a nodal line across 
the centre, a holder is used which grips the crystal between 
two wedge-shaped jaws along the nodal line. This is dearly 
a very sim^ type of holder to design. Another method of 
damping is between hardened pomted steel pins, nodal points 
being chosen, which may be on the frtce as m the case of the 
CT and DT cuts, or along the edges as in the case of BT outs. 

The great variety of cuts which appear to be possible having 
either a sero tmperature-ooeffident, or small oouplutg between 
modes, car both, is so large, that the technique of etystal |nx>- 
dnotion and hdder design is dearly tmly now in an early stage 
of devebpinfint, hnd we shotdd see considerable advances in 
tim pert few years. 
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Ciccuit of the Valve Maintained Quartz Crystal. 

A very good t 3 rpe of circuit is that due to Pierce and Miller and 
shown in Fig. 205, a modification of which consists of placing the 
crystal between grid and filament. The method of maintain- 
ing oscillations may be explained simply as follows : 

The crystal when vibrating is very similar in its effects to 
a parallel-resonant circuit having one end connected to the 
anode and the other to the grid. The oscillatory voltages 
applied to anode and grid are, therefore, opposite in phase and 
conditions are correct for the maintenance of oscillations. 
Switching on the circuit will be sufficient to shook the crystal 
into oscillation, and this will then be maintained with energy 
from the anode battery supplied in the correct phase through 
the valve. 



Fiotjbb 205. FiauBB 206. 


It is evidently essential that the anode circuit should have 
a high impedance in order that the anode may not be shorted 
to the filament as far as high frequency currents are concerned. 
This high impedance may be provided by an ordinary resistance, 
but a mmre efficient circuit is usually produced if a parallel 
circuit nearly in tune with the crystal is used. As the 
circuit condenser is reduced from a very large value, oscilla- 
tions build up until a maximum is reached. Furtiier reduction 
of condenser value produces a sudden fall in output until 
oscillations cease just before the drouit comes into tune ;srith 
the crystal frequency. It is necessary, therefore, that the 
reemiant frequency of the anode circuit should be below that 
of tlie crystal, in the case shown in Fig. 206. 

alternative cirouit of Fig. 200, suggested by MHler, 
is also mudi used. In this case the crystal psrovides the 
equivaksit df a taned«grid drouit and tin neoesssiy ^ bade 
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ooupUzig ” is obtained through the vidve capacity. In order 
to have the relative phases correct for the maintenanoe of 
oscillations it is necessary that the anode drcuit be detuned 
above the crystal frequency. 

With both types of circuits care must be taken that the 
natural frequency of the resonant circuit is not too near that 
of the crystal, in which case electrical self-oscillation may 
ensue. Although the effect of this is to increase the high 
frequency output, the resonant circuit tends to “ pull ” the 
crystal, and in such a case the crystal is not performing its 
proper functions of driving. Fig. 207 showing H.F. output 
with tuning, curve “ a ” being for the grid-anode circuit, 
ciurve “ b ” for the circuit of Fig. 206 and for the grid- 



filament circuit. As a general rule the grid-anode drcuit will 
be used when great precision is required, and the second 
drcuit when high output is necessary and precision not so 
important. 

Bridge-Stabilised Oscillator.^’ A crystal circuit for 
high-precision work, suggested by Meacham, is the bridge- 
stabilised osdllator, in which the amplitude of oscillation, 
as well as the frequency, is automatically kept constant by 
a special bridge. 

The drcuit is shown in Fig. 208, where is a resistance the 
value of which depends up<m its temperature (usually a tmig- 
sten-filament lamp of low wattE^) and B, are rmrmal 
resistanoe elements, and 0 the crystal arm. One diagcmal of 
the Inidge is connected across the input of an amplifier, and 
the out^qt of -the amplifier connected back across the other 
diagmud of the bridge. 
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If the bridge was in exact balance, no oscillations could 
occur, as there would then be no teansfer of energy between 
the opposite diagonals of the bridge, but the introduction of a 
resistance which varies in value as the current passing changes, 
allows the circuit to oscillate between Site limits of amplitude. 

The action is as follows : Before switching on the amplifier, 
the resistance of the cold tungsten filament is low, the bridge 
is tight out of balance, and oscillations therefore build up ; 
but the rising oscillator current through the bridge arm heats 
up the filament and its resistance value approaches the balance 
conditions until the attenuation thereby introduced equals the 
gain, when an equilibrium condition is arrived at. The fine 
control exerted by the crystal is dependent upon the fact that 
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the phase shift through the bridge must be equal and opposite 
to that throu^ the amplifier and the crystal thus impresses 
its frequency on the combined tmit. 

The drouit is capable of providing an output constant in 
amplitude and fioquency and of sinusoidal waveform, in 
qpite of power-supply fluctuations and changes in drouit 
elements, and a frequency-ccmstancy equal to, or better than, 
2 parts in 10* is possible. 

Oscillators witb Electrical Resonant Circuits. The 
reader is assumed to be fiuniliar with the prindple qf the valve 
LU-dronit sdf-osoiUator and we shall ocmflne ourselves hme to 
miodificarions necessary at the higher radio frequencies and to a 
brief study of the faotms upon which stabiHty of frequency 

ddpeiids 

The separate readhm-ooil drouit frequently employed at 
low radio frequencies Is not sultalfle at hig^ i^uendes 
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because the voltage applied to the grid is not in exact phase 
opposition to the anode voltage, as it should be. 

The Hartley or Colpitts circuits, Fig. 209 and 210, may be em- 
ployed, but it is important to note that the valve capacitances 

HARTLEY CIRCUIT COLPITTS CIRCUIT 



IteuBB 209. 


ItouBB 210. 


now have an important effect upon the reaction conditions. 
The grid anode valve capadty may have a sufficiently low 
reactance to provide all tite reaction necessary and hence the 
circuit shown in Fig. 211 (due to Franklin) is frequently employed 
for shori waves. The condenser is made sufficiently hvge 
to constitute a short circuit as far as the oscillation frequency 
is concerned. The circuit diagram therefore appears to be 
very similar to that of the Hartley circuit, but in practice the 
coils are usiudly completely decoupled and reaction is chiefly 
due to valve capacitance. The chokes isolate the oscillatory 
circuit ffom other circuits, filament chokes being only necessary 



Ireuiai 212. 


wh^ frequencies above about 30 Mc/s are to be produced. 
Where fllameilt (fliokes are used they need careful design so as 
to build up the oexiect voltage conffitions at the filament. 

Push-Pull arrimgaments are very suitable and Fig. 212 shows 
a drctdt idmilar to that of an amplifier but without the 
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neutralising condensers. A very important difference between 
this circuit and that of the amplifier is that in the oscillator 
the grid circuit should be detuned so that its own resonant 
fiequency is about 1*25 times that of the anode circuit, which 
should control the frequency produced. Very inefiScient 
conditicms occur if the grid circuit is also tuned to the oscilla- 
tion fiequency. 

Present-day short wave commercial transmitters do not 
employ a self-oscillator coupled directly to the aerial bepause 
the fiequency stability is too poor. The production of appreci- 
able power by a self-oscillator is, therefore, seldom attempted 
and questions of power efficiency are therefore quite subsidiary 
to the main problem of providing a correct and unvarying 
fiequency which can be amplified as necessary. 

The production of a constant fiequency is also important 
in reception because most receivers will contain an oscillator 
which should be as stable as possible but which will usually 
have to be simple and capable of tuning quickly over a range 
of fiequencies. 

Requirements for Constant Frequency. As previously 
mentioned the great success of the piezo-electric oscillator is 
due in the main to two factors : zero temperature-coefficient 
of the oscillating element, and its inherently large Q value. 
If we are to use an LC circuit as the controlling element it 
should, therefore, have the same qualities. 

This means, in the case of a tuned circuit, that the product 
of inductance and capacity should remain constant under all 
circumstances. This can either be achieved by m Airing each 
unit have a zero temperature-coefficient, or compensating for 
any changes which do take place. Variations of indnctanoe 
and capacity wiU occur if coils and condmisers change in mze 
with tmnperature, or if their parts move due to poor mechanical 
design c»r excessive vilwation. 

Tbe resonant fitequency of an LC drouit, in which no pre- 
cautions have been taken, may vary by as much as 1 part in 
1,000 for quite ordinary tmnperature changes, and whmo 
vibration is ocmndfflrable, as on shi^ and airct^, oarefblly 
designed suspensums may become necessary for units con- 
taining oscillators. 

Oois idhioh shoir a small vatiadcm of inductance with 
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temperature may be made by depositmg the conductor on to 
a former of suitable material. In this way the expansion of 
the former becomes the controlling factor and some suitable 
ceramic materials have much smaller coefficient of expansion 
than metals. Coils have also been designed in which the effect 
of the axial expansion (which reduces the inductance because 
it reduces the mutual inductance between adjacent turns) 
balances the effect of the radial expansion (which increases 
the inductance). The variation of self-capacity also produced 
by a change of temperature complicates the problem. 

In the design of variable air-oondensers to have small 
temperature-coefficients, the most important thing is to 
prevent relative axial movement between the fixed and moving 
vanes since a smaU movement will make a relatively large 
change of capacity. Some of the condensers employing a 
ceramic dielectric (for example, “ Calit ”) have a small tem- 
I)erature-coefficient. 

Apart from makin g the coil and condenser as little depen- 
dent upon temperature change as possible, we can also arrange 
that an increase of temperature increases the inductance but 
reduces the capacity, thus keeping their product constant. 

Whilst the values of coil and condensers are the main control 
of the frequency yet other factors exert some infiuenoe, and in 
designing a constant-frequency oscillator these “ second order ” 
effects will be of great importance. 

It is first necessary to realise that the frequency generated 
will not usually be exactly that of the resonant ^quency of 
the circuit. This may be simply explained by reference to the 
circuit of Fig. 213, and the corresponding vector diagram, but 
the same conditions may occur with any of the drouits usually 
employed for oscillators. The condenser is considered to be 
free fr:om loss and all the cucuit resistance located in the coil. 
The voltage applied to the grid will be fiO** out of phase with the 
current in L, if alternatmg grid-current is neglected. But 
is not in phase with and hence the oscillating fi»qumioy 
cannot be tiie resonant fitequency, but is actually somewhat 
higher. It needs, to be emphasised that a valve setf-oscillator 
tends to adjurt itadlf to working conditions similar to those of 
a Cilaas U fmpHfiir, running into grid current and being limited 
thereby. It is the ourvature td the valve characteristio which 
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puts a limit to the growth of the osciUatiou and therefore 
determines its amplitude. Explanations of valve oscillator 
operation, thecefore, wrliioh depend upon vector diagrams or 
vector algebra cannot give quantative xesTilts and are only very 
rough approximations. 

The valve capacitance also fonus part of the oscillatory 
circuit and thus changes of valve capacitance will afEect the 
resultant fitequenoy unless precautions are taken, either to 
compensate for them, or reduce their effect. 

We have now to consider the effect which changes in the 
maintaming system will have upon the frequency. The 
effective inter-elechrode capacities of the valve depmid to a 



small extent upon the voltages on the electrodes, mid sinoe 
these capacities are across the resonant oironit, this means 
that the foequenoy generated will depend upon the supply 
voltages. For this reason the desited high Q value 
should not be obtained by using a high L/0 ratio because this 
enhances the efEeot of the shunt valve-oapadties and of 
change in load reactance. The zesistanoe of the valve idso 
depends upon the supjdy voltages and this lesistanoe affects 
the phase ang^e between Ej^ and 7,, so that this is another 
link between foequeni^ generated and supply voltage. The 
use of a valve having a high value r, reduces variations due 
to this cause. 

Tim foequency stabffity is also improved if oscillatioDS are 
limited in am^tude and this may be done by inserting a gtid 
lusistaaoe in siuh a way that the grid only beeomes the smaisit 
amount pontive. 
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Evidently, if a oirouit has a high Q value, only a small 
supply of energy is necessary to sustain an oscillation and 
hence the coupliog between maintaining circuit and resonant 
circuit can be loose, thus reducing the effect of changes in the 
maintainir g eystem. It is possible to insert reactances in the 
.anode and grid leads of the maintaining valve which have the 
effect of bringing the oscillating frequency nearer to the resonant 
frequency of the circuit than it would otherwise be, and hence 
reducing the effect of changes in the maintaining system. 

Franklin Master«Osdllator. An interesting type of 
precision oscillator is that developed by Franklin and Witt, 
the oirouit diagram of which is shown in Fig. 214, and the 
mechanical arrangement in Fig. 216. 



Associated with the resonant drcuit are two valves Vi and 
Ff Two valves are employed partly because the higher gain 
thereby obtained enables the maintaining oirooit to be coupled 
very loosely to the resonant oironit and partly because <me 
end of the resonant drcuit may then be earthed, which noafaes 
the mechanical design easier. Since the voltage aj^lied to 
the grid of Ft is opposite in phase to that applied to Fi, it 
is evident that the anode of V, should be coupled back to the 
same end of £iU as the grid of valve Fi. The coupling oapadties 
C| and C, are only about Ifi/tF and therefore smaller than 
the valve capadties, and hence the effect is that of a drcuit 
having low grid and anode taps, as Fig. 215 makes dear. 

The oBdllat<fr,iis airranged to worir at a lower freqaeniy than 
that finally teq|uirsd, a usual and desiralde feati^ ci most 
donstant-finB^pieaiC^ iMves, and the valve F, is followed by a 
eennal firequenogr-multiplying amxdifier. 
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The method of self-compensation for temperature of the 
resonant dronit is of considerable interest, and reference should 
be made to Eig. 216. 

A cylindrical brass case A, which is earthed, forms one plate 
of the main tuning condenser, and acts as a support for the 
unit as a whole. Concentric with the cylinder is the insulating 
former F, carrying the inductance winding L, one end of which 
is connected to the end of the case, and the other to the in- 
sulated condenser plate B ; this is of half -tubular form, and is 
built on the free end of the insulated tube, its outer end being 
moimted on the insulating diaphragm C, which rides on the 
brass rod D. 

This rod fomm the axis of the cylinder, and is screwed 
through the oylin^r end with a fine thread, the head of the rod 
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being slotted to permit adjustment of the endwise position 
of the rod. Part way along the rod is a drcular plate O, which 
forms a capacity with the end of the condenser plate B, and the 
relative position of these determines the amount of compensa- 
tion. ^ 

Between the cond^iser plate B and the case is a second pair 
of drcular half>plates EE insulated from both,- and carried on 
an insulating end cheek J. The position of these plates 
determines the main drcuit oapadty, and soffident variation 
is provi(ted to give a 10% wavelength change. This adjust- 
ment is made by rotation of the plates, operated through a 
wmm wheel. 

Hie operation is am follows : By proper sdection of materials 
the ohiel midwise ea^iansitni is designed to take place in tiie 
instigating former, imd tiius as it warms up, tim plate R moves 
away from the compensating plate <?, The es^paadon of 
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the winding causes its inductance to be increased, but this 
increase is ofiset by the redaction of capacity between the 
plate 0 and B. 

To make the drive immune from external capacity changes 
and vibration, and to some extent to prevent too sudden a 
temperature change, the whole unit is slipped inside a second 
brass cylinder (not shown) between the two being a layer, of 
thick felt. This second cylinder forms a support for the two 
oscillator valves and the coupling valve, and thus a self-con- 
tained compact unit results. The coupling condensers, which 



'lk4uBa 216. 


of course must be connected to the free end of the coil, are 
simply two very minute brass strips held in a mica ring, oon> 
nections being made by two pins projecting through both cases. 

Oscillators using Resonant Lines.** ' The ordinary coil 
and condenser resonant circuit becomes very small in size and 
difficult to design when it is to tune to fiequencies above 
100 Mc/s. Also, self-capacity in the coil and inductance of the 
condensor leads and plates become so important that it is not 
even approximately true that the current is the same in all 
parts of the ohksrut. At these frequenoibs it becmnes practic- 
able to use arraageiments in which L and G are distributed 
over the Q^pletb cirouit, the size then being more convenimt 
mid the Q value may be much higher. SYom what we 
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liftTe disoosaed in CSiapter VI it was seen that a short-cirooited 
Une, <nke-qnartOT wavelength long, provides the equivalent of a 
parallel-xesonant cirouit, since its input impedance is a high 
resistance. By a suitable design (placing supporting insulators 
whme the voltage is low, etc.) values as high as 10,000 may be 
obtained for Q at high radio frequencies. If Q is calculated 
from oonduotor loss considerations alone, it actually increases 
with frequency, being proportional to >//. At 300 Mc/s 
such a circuit will be less than 25 cm. long so that it can be 



made very rigid mechanically and its frequency may be much 
less dependmit upon temperature than an ordinary tuned 
dronit. For the highest frequencies it may be more oonvenimit 
to use a 3/4X line. 

Evidently a half-wave line, open-cirouited at both ends, 
may also be employed and the frequency varied either by 
(hanging the line length, ctr by placai^ a variable condenser 
aoroes the fax end. The half-wave line is partioularly suited 
to ** push-pull ’* drouits, an example being shown in Fig. 217, 
the nearer the tapinng points are made to the centre of the 
line, the nodal point, the less influence the maintainiag drouit 
wffl luva, Imt the less the (mtput. 
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Both parallel-wire and concentric-tube lines have been 
employed, but the latter are now established as the more 
useful for the purpose, on account of their greater rigidity 
and the fact that a screened arrangement is produced. 

Several methods of compensating for temperature changes 
have been developed. In one circuit developed by the R.C.A. 
a pipe containing oil is run inside the outer conductor of the 
concentric line and therefore takes up the temperature of 
the line. The exx>ansion of oil resulting fi*om a rise in tempera- 
ture causes the movement of a condenser plate and thereby 
compensates for the change in length of the line. 

Powerful short-wave transmitters have been constructed 
in which the oscillator (controlled by a line of the type just 
discussed) was followed by only one stage of amplification and 
the frequency stability was found to compare favourably with 
a crystal-driven transmitter. 

Special Types of Resonant Circuit. At the higher 
frequencies, other special forms of circuit beside the resonant 
line become mechanically possible, which have the merit of 
mechanical rigidity and high Q value and an equivalent low 
L/C ratio. like the resonant line the inductance and capacity 
are to a large extent distributed. 

The design of such resonators has been developed by 
Kolster,* HoUman and others. A tjpical design is shown in 
Fig. 218. From this it is evident that the capacity is mainly 
distributed between the edges of the two copper shells, whilst 


the inductance is mainly asso- 
ciated with the central rod. A 
range of frequencies can con- 
veniently be obtained by sliding 
one shell along the tube, but a 
difficulty with these resonators 
is that ' it is not possible to 
couple in the mamtaining valve 
qmunetrioally and in circuits of 
large dimensicais ilie resulting 
cuirmit distril^tion is irreguku'. 
31ie i^proximate riimmisums of 





a xestoiator for 00 Mo/s are shown in Fig. 218, the Q valne 


hfSng 150d and the L/0 ratio 300. Resonators which are 


860 SHORT WAVE WIRELESS COMMUKICATION 


gemetrioally wimilar will have frequencies inTeraely pro- 
portional to their linear dimensions. 

A somewhat different arrangement, partioularly smtable 
for a wnftll oscillator for measurement ptirposes, has been 
developed by the General Radio Company and the circuit is 
shown in Figs. 219a and b, the first showing the resonant circuit 
and the second the diagram of connections. The capacity 
of the circuit is mainly between the inner and outer cylinders 
and the inductance due to the inner rod, and a circuit having 
dimensions given in the figure will resonate to about 100 Mc/s, 



I 



and has a Q value of approzinaately 2600. Both this and the 
previous arrangement are self screened. In the latter, the 
outer qrlinder is of Israss, and the inner of copper, and the 
different temperature-coeffidents of expansion of these two 
metals results in the capadtanoe having a small native 
fitequenqy temperatme-coeffident, which balances the positive 
temperature-ooeffident of the inductance. 

Oscillators for Ultra^high Frequencies. If we raise 
the osdllation ficequenc^ of an ordinary valve in a conventional 
drcuit (induding circuits just discussed as conventional} we 
find output falling until eventually osdUatkms cannot 
be produced. Unng a iziode with ordinary 4-pin base, ^is 
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limitiog fi»qii 0 iicy might be about 100 Mo/s. The xeasons 
for this are largely the same as were discussed in ooimeotion 
with amplifiers (see page 803). Lead capacities and induct- 
ances make it impossibie to reduce the efiective IXJ of the 
resonant circuit beyond a certain tnininmiirt and these reactances, 
together with the eflfects of the transit-time, make it difficult 
to obtain proper reaction conditions. It has been shown by 
approximate theory that if the transit time is l/12th of the 
oscillation period, then the efficiency is reduced by at least 10%. 

Because of the low efficiencies and other diffictdtieB associated 
with electron oscillators (see Chapter .XU), however, consider- 
able work has recently been directed towards making the 
conventional reaction-osciUator fimction at higher frequencies. 
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It has been found that by modifying the design of circuit 
oonsidmably to take accoimt of the limiting factors previously 
mentioned, and taking particular precautions over the actual 
valve design, much higher frequencies may now be obtained 
efficiently.* 

Appendix V gives particulars of recent valves specially 
designed to opmete on very short wavelengths. 

A cirouit suitable for an oscillator at such firequendes is 
shown m Fig. 220. It will be seen that a half-wave line is 
employed and idso the filament is fed through quarter wave 
lines which present a h^ impedance at the filanmt ends and 
confine the oscillations to the proper eirouit. The osoillatitm 
frequency is governed by the half-wave line betwemi grid and 
ano^ but the fildiuent lines 'need to be tuned to give appreoi- 
alde output. T3ie line is not actually X/2 long, of course, 
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beoaiue of the electrode oapadtanoe. In fact at the highest 
freqaendes the line may only be of the order of \/4 long; 

Valves have also been oonstraoted by the G.E.C. labora- 
tories, in which the anode and grid are extoided through the 
gUtss envelope to form a oonoentrio resmumt-line. The low 
oharacteristio impedance of the oonoentrio line is an advantage, 
because a given electrode capacity shunted across the line has 
a smaller effect in reducing the oscillation frequency if the 
characteristic impedance is low. 

Wavemeters. If interference between stations is to be 
prevented and the available frequencies used to the maximum 
extent, transmitters providing frequencies which are both 
constant and correct are essential. 

Since the eadiest days of wireless, frequency has been 
measured by setting up as permanent a resonant circuit as 
possible, and calibrating it. The simplest method of calibra- 
tion is to measure the inductance and capacity by low frequency 
bridge methods and calculate the resonance frequency, but 
diis is quite inadequate for present-day requirements, and 
calibration must be carried out by reference to a source of 
accurately known frequency. 

The accuracy of a wavemeter depoids principally on the 
mechanical permanence of the coil and variable condenser, 
and upon the effect of the resonance indicator upon the circuit. 
The discrimination obtainable, that is, the closeness to which 
frequencies may be read off, depends upon the scale of the 
variable condenser, the values of inductance and capacity 
used, and on the decrement of the circuit (including the effect 
of the detector). 

A wavemeter for use at a transmitting statimi in which these 
points have been carefully studied is shown in Fig. 221. The 
wave to be measured is picked up by A, which is coupled by 
minute condensers 2>, D, to the resrmant circuit. l^iiB o<m- 
sists of a variable condenser JBin jmiallel with a fixed otmdenser 
(whereby an open frequency scale is obtained and mechanical 
riianges in the variable mudmised) andasetiesof {dug-in cdls. 
!13ie whole constracriott isvnry sdid, and myealexhuiulatian is 
used, this being vmy permanent mechanicalfy and also a low- 
less insulator at frequencies. 

Resonahoe is deteeted by the vny looeefy ooiq^ vafrre 



CONSTANT FREQUENCY OSCILLATORS 303 


detector. Connected in this way with positive on the grid, 
and a small negative bias on the anode, the anode current 
rises sharply for small voltages impressed. 

The very small condensers O, 0, and the tapping switch H 
enable a close reading to be obtained in the following way. 
The main variable condenser is varied very slowly, tapping H 
frequently, until a position is found where tapping H produces 
no change in the galvanometer reading. It Wl be seen that 
the variable condenser plus 0, 0, is just as far below tune as the 
variable condenser alone is above tune, the condmisers O, O, 
just " bridging ” the resonance curve. In this way the steep 
sides of the resonance curve are used rather than the flatter 



top, in fact the tapping switch does semi-automaticedly what 
most observers usually do when finding resonance accurately. 

Quartz Crystall Wavemeter. An accurate and con* 
venient wavemeter for checking the frequency of a station or 
a number of stations all supposed to work on the same fre- 
quency can be made, using the arrangement of Fig. 222. 
The resonant circuit should have approximately the same 
natural frequen<^ as the crystal, but need not be very low 
damped, as the accuracy of reading does not depend on this. 
When the transnutter frequency is raised the nemi tube will 
commence to glow at the point A (Mg. 222), but will suddenly 
go out at B for a, very small change BO of transmitter frequency, 
and will then omrtinue to g^w until D is reached. The 
caevassO at is due to t^ crystal osoiUating with com- 
paxatively large amplitnde ait its natural frequency and 
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absorbing the necessary energy to do this from the resonant 
oirouit with a consequent lowering of the voltage across it. 

A Crystal Monitor. A useful type of monitor wavemeter 
for transmitters has been made by the Marconi Company. 
Briefly, the wavemeter consists of a receiver to which is 
coupled a crystal oscillator one of whose harmonics is set 300 
cydes per second away from the frequency of the station it is 
desired to check. 

The beat input between crystal harmonics and incoming 
signal energises an ordinary reed frequency-meter, having a 
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ItouBs 222 . 

set of reeds covering a frequency band of 300 d; ^ cycles per 
secmid with a central frequency of 300 cydes per second. 
Thus a visual check is obtained of the station frequency by 
observatkm of the frequency meter, and it is possible to 
obsorre frequent^ changes of as little as 2 cydes pmr second, 
comparison of amplitudes of adjaomit reeds ; the sense 
of d^^fftuxe of station is also shown. 

Frequency Checking Equipment. The above may be 
called reference methods, but where very accurate results are 
required it is safer to me an absolute method. Sinoe frequmu^ 
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is but the redprooal of time, all absolute methods are based on 
a direct reference to time, and hence the essential feature of 
the measuring system is a very good clock. Some such 
absolute method is in any case essential for the calibration of 
wavemeters, but it is now becoming usual to check the frequency 
of transmittmg stations directly, instead of using a wavemeter, 
as more accurate results can be obtained. Their transmissions 
are received at a frequency-checking station and then the 
frequency measured by an absolute method, which should be 
reasonably rapid and accurate to at least 1 in 10.* Most 
administrations controlling wireless, and many official organ- 
isations, have now set up such checking stations. 

The British P.O. Frequency Checking Station. The 
licensing and control of wireless stations in Great Britain is 
vested in the Post Office and in consequence this department 
maintams equipment to check transmitter frequencies. The 
primary frequency-standard is held at the Radio Laboratories, 
Dollis HiU, and a secondary standard is maintained at the 
Frequmicy Measuring Station situated at Colney Heath, St. 
Albans. The puijKMe of this station is to ensure that all the 
radio faransmitters within the jurisdiction of the administration 
maintain their respective allocated frequencies within the 
prescribed tolerances and to act as a check where a case of 
interference occurs by or with a station in the administration. 
A brief description of the apparatus and methods employed 
at Colney Heath will be given here, but the reader should refer 
to published descriptions for detailed information. 

The secondary frequency standard consists of a valve- 
maintained tuning fork, nominal frequency 1 kc/s, whose 
fiequoacy is compared daily — ^by means of a land line con- 
nection— with that of the primary standard, the absolute 
frequency of the latter being determined daily in terms of 
mean solar time. 

Frequency multiplying apjmratus is associated with the fork 
to produce harmonic frequencies of the fork in the range 
10 to 24,0(1*0 ko/s, and the principle of measuremmit is one 
whereby tiie frequency of an oscillator (termed the omnparison 
oedUator) ((X)) is seit by adjustment of a condenser (IC) to 
the signal fruqueaujl^ and to two known harmonics of the fork 
taQieotively above and below the signal frequency, the latter 
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being determined by interpolation. The interpolating oon* 
dbnser (IC) is of special design in which backlash is avoided 
and in which the change of capacitance is directly proportional 
to the displacement. 

The measuring apparatus is divided into two sets (see 
Fig. 223), the one for measurements in the range 10-1,340 kc/s, 
and the other for measurements in the range 1,200-24,000 kc /s. 
The long wave set is similar in prindple to the short wave 
set which is outlined here. 



MV Mulivibrator. 

BO Reference Oscillator. 

HS Harmonic Selector. 

00 Comparison Oscillator. 

10 Interpola^ng Condenser. 

For short wave measurements an oui^ut from the bufier 
stage is caused, to o(mtrol rigidly the fundamental frequency 
of 1 ko multivibrator. The wave form of the multivibrator 
is such riiat it is rich in harmonica, any (me of which in the 
ranges 106-120 fco/s and 810 to 370 ko/s -may be selected and 
amidMed in the syhehronising amj^Ufimr. Ihe pu^mt of ^Uie 
ayndironising am|difier is fed to the refrreime osdhator (rangei 
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100-120 ko/s and 310 to 370 koja), and this output is sufficient 
to hold the oscillator rigidly in synchronism with any selected 
harmonic provided the osdllator is adjusted approximately 
to the frequency of the harmonic. Harmonics of the reference 
oscillator are then produced, selected and employed as the 
ref«enoe frequencies for short wave measurements. 

The procedure is beet followed by an example and is more 
simply explained if the station frequency is assumed to be 
known. Let this be 17,270-5 ko/s. If the 339th harmonic of 
MV is selected and RO synchronised with it and the 6lst 
harmonic of RO be selected, then the final frequency will be 
17,289 ko/s (assuming the fork frequency to be exactly 1 kc/s). 
CO is now tuned to this and the reading of 10 noted. The 
60th harmonic of RO will give a final frequency of 17,238 ko/s 
and CO can be toned to it and anothm: point on IC determined. 
It will be seen that if CO is now tuned to tlie signal, the reading 
of 10 will be between those previously obtained and hence the 
signal frequency can be determined by interpolation. The 
two known points on 10 will be 60 ko/s apart, however, and 
this is too huge for a precision measurement. 

. Greater aoourar^ is obtained in the following way. RO is 
set to the 3I4th harmonic of MV and its 66th harmonic selected 
giving a frequency of 17,270 ko/s. A 1 kc tone direct from 
the fork is now supplied to the telephones and by the “ double- 
beat ” method CO can be adjusted to 17,271 ko/s. Hence the 
signal frequency can be found by an interpolation on IC over 
1 ko only. It will always be possible to get RO within 
± 10 ko/s of the signal frequency and hence if fork harmonics 
up to the 6th can be applied to the telephones, it will always 
be possible to ** step ” up or down to the signal frequency. 
This method gives the unknown frequent^ in terms of the fork 
frequency to wiiliin ±, 3 parts in 10* and the absolute accuracy 
of measurement is within ± 10 parts in 10*. 

Due to the fsot that MV imposes a 1 ko/s modulation on all 
the harmonics selected from it, a further smes of double beats 
Mm be obtaixmd and the interpolation reduced to a few hundred 
fly<^, but tide refinement is s^om necessary. 

Later firequeno^ 6hecking equipmMit uses a 1 Mo/s qumrtz 
crystal in a brid^-stabfiised circuit. It is then necessary 
to use a divieUilg <^rouit in order to compare mth time signals. 
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Constant Temperature Chambers. Since these form an 
essential feature of some constant-frequency generators, a 
brief description of the methods employed for the maintenance 
of constant temperature seems desirable. 

The chamber which houses the apparatus should be well 
lagged and completely enclosed, and in order to maintain 
the inside at constant temperature it is essential to increase 
the heat well above the average room temperature. Initially, 
fairly large boxes were used, the air of which was kept circulated 
by the use of stirring fans, but it is now found to be both more 
economical and more efficient to build two small lagged boxes, 
one within the other, the inner one being only just of sufficient 
size to contain the master oscillator unit. The inner box is 
then surrounded by a heater element, the mat type of heater 
being a very convenient form as it can be wrapped round the 
box. The control of the heater can be carried out by any 
convenient form of thermostat. 

Simple types of thermostats consist either of mercury 
thermometers with sealed-in eleclrodes, or bi-metallio strip con- 
trols. The former are satisfactory if great care is taken in 
manufacture to ensure chemically pure mercury, perfectly 
clean glass, inactive electrodes and seals such as platinum, and 
if evacuated, inert gas should be sealed in the tube above the 
mercury. 

Thermostat systems made in this way are extremely reliable 
and can control temperature to a small fraction of a degree 
centigrade. 

Bi-metallic strip thmmiostats, which are in general not so 
accurate, are found in many forms, the usual form of which 
consists of a strip of bi-metallio substance which bends when 
heated due to the unequal expansion of the two materials in 
contact, tiiis bending actuating a relay in the heater drouit 
and so cutting off the heat. 

One good type of regulator can be made in the following 
manner. A sted base is made up fitted with steel blocks 
at each end. To these blocks is rigidly fixed a strip of nmtal 
of dissimilar tmnperature-ooeffioient to that of the steel base, 
and this strip is ** set ” m a definite manner. At the oenfre 
of the dxip is a jdatinum-iridium contact, and above the strip 
is mounted on an insulatmg Inidge a (xmtimt sorew vritii a 
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platinum-iridium point. In order that the contacts shall not 
carry heavy currents, they only operate a relay which controls 
the main heater lamps. 
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CHAPTER XII 


EUDOTBON OSOILLATOBS 

The consequences of the fact that electrons take a finite 
time to travel between cathode and anode of a valve have 
already been discussed in Chapter X and will come up again 
in connection with receivers in Chapter XIV. 

In the present (^pter we discuss types of oscillation which 
may have a much higher frequency than can be produced by 
reaction drcuits. 

We have included in this chapter, as a matter of oonvenienoe, 
the dynatron oscillation of the magnetron although this is not 
dependent upon electron transit time and is not therefore an 
oscillation of the electron type. 

Many investigators have worked upon electron oscillators, 
and the Uterature is very extensive. Due to the high fire- 
qumicies generated, measurements are very limited and approxi- 
mate and the interpretation of the complicated experimental 
data correspondingly difficult. As a consequence, conflicting 
theories have been put forward from time to time and a com- 
plete quantitative analysis is stiU lacking. 

Electnm oscillators have not, up to the present, been used 
to any extent in actual communication circuits but it is probable 
that inoeasing use will be made of them in the future, when 
the lower ultra-high firequenoy bands (which axe now covered 
by cirouits of more conventional design but employing spedally 
des^ned valves) have been fully exploited. 

Barkhausen-Kurz Oscillator. In 1919, Barkhausen 
and Kuiz, whilst testing the vacuum of transmitting valves, 
placed a positive voltage on the grid and a small negative 
voltage on the anode. They found that a current was recorded 
in the anode circuit and, by i^taching a Lecher wire circuit 
between grid and anode, ascertained that a short-wave 
osdllatirm was taking place. The firequenoy was mainly 
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controlled by the grid voltage and the oscillations were not 
dependent upon reaction in the external circuits. 

We can best explain the Barkhausen-Kurz oscillation by 
considering a triode valve having a plane parallel-electrode 
system preferably such that the distance between cathode and 
grid is approximately the same as between grid and anode, the 
grid being of rather opm mesh. 

Assume a positive potential +.£r applied to the grid and 
let the anode at zero potential. This means we have similar 
potential gradients rising from both cathode and anode to the 
central grid. Since the cathode is the emitter, we shall obtain 
a D.C. grid current and the heat appearing at the grid is due 
to the energy given up by the hinetio ener^ of the electron 
stream, and is a measure of the work done on the eleotoons by 
the accelerating field between cathode and grid. Generally 
speaking many of the electrons will stream direct fix>m cathode 
to grid, but in certain valves it is found that quite a large 
percentage of them will be found to execute an oscillatory 
movement within the valve before capture. This is because 
of the probability of an electron missing the grid in its passage ; 
the consequent retarding field in the grid-anode space will 
cause the electron to come to rest at a point just short of the 
anode, from whence it will be accelerated back towards the 
grid once mote. We can imagine certain electrons therefore 
executing a “ to and fro ” shuttle movement before final 
capture. The maximum velocity such electrons achieve and 
the frequency of oscillation will depend on the value of E, 
and the distance from cathode to anode primarily, whereas 
the average number of oscillations made will probably depend 
mostly up(»i the grid mesh. If we assume the electron just 
swings between cathode and anode we can get an approximate 
idea of the frequency of this oscillation as follows : 

If it hi assumed that the electron leaves the cathode at zero 
velocity and if v be the velocity of the electron in mn. per sec. 
when it shoots through the grid, 

e = charge on electron in coulombs (1*69 xKT”). 
m >= mass of eleotroD in gm. (9-04 x 10^). 

E » grid potential in volts. 

If dutanoe from cathode to grid. 

If » distance from cathode to anode, 
ir* 
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The work which has been done on the electron when it 
reaches the grid is Ee joules or Eex 10^ ergs and this must 
equal the kinetic energy ^ ergs. 

»• = 2 Ee/m x 10’ 

i.e.'the maximum velocity, v = 5*93 x 10’ n/W cm. per sec. 


Assuming a linear field — ^the average velocity 


- = 2'97 X 10’ j^E cm. per sec. 

4b 

Hence the time taken to travel fi^m cathode to grid is 

h 


2-97 X 10’ 


and fix>m grid to anode is 


h-h 


2-97 X 10’«/E 


Thus the time tid^en for a complete oscillation fix>m cathode 
to anode and back will be 

21 . 


2-97 X 10’ 


\/ JP 

and the fi»quency /, of oscillation is 14-9 Mc/s. 


The corresponding wavelength will be 


1 . 


3 X 10 “ I, 

X= ^ = 2010 cm. 

14*9 X 10 * VE VE 


The valves usually used for electron oscillators have a single, 
straight filament down the centre of a cylindrical, co-axial 
grid and anode. It is evidently mainly a geometrical problem 
to extend the simple theory previously given to meet this case, 
but the aboye formulas are sufficient to enable an estimate of 
the oscillation ficequency to be made. 

The above relationships have been deduced for a sin^e 
eleotron but it is evident that if detectable oscillatians are 
being produced there must be a vast number of electrons 
carrying out this oscillating motirm, in other words, there must 
be an oscillating space-charge between the electrodes. This 
distorts the potential distributi<m so that the equivident 
positicm of cathode and anode are dos» to the grid and in 
ooxsMquence the wavelength found earperimentally is usually 
less than that given by the above e^presskm. • 
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- Since the electrons are leaving the cathode in random 
fashion, it would appear that the net effect of the oscillations 
would cancel out, since as many are passing in one directiim 
at any one time as the other, but it is found possible to co- 
ordinate their motion so as to extract a small percentage of the 
oscillating energy they possess and which they have derived 
fiom a D.C. supply. 

Maintenance of Oscillations. The way in which the 
oscillatory motion of electrons can maintain oscillations in an 
external circuit is still the subject of controversy and we give 
below alternative explanations which have been advanced. 
We might mention, however, that the B-K oscillation is the 
result of a “ velocity modulation ” of the electron stream 
(see page 387) as distinct from the current-density type of 
change created at lower frequencies. Such velocity-modulated 
systems are now being intensively studied by a number of 
workers for ultra-high frequency purposes and when their 
action is fully understood it will lead to a better appreciation 
of the B'K oscillator. 

For simplicity we assume a parallel-plane electrode arrange- 
ment, with the grid halfway between cathode and anode. 

Connect a circuit, tuned to ~ c/s, between grid and anode and 

Ztt 

suppose a small alternating E.M.F., E sin cot to be applied in 
this circuit. 

* 27r 

For the first explanation, the vtdue of — is taken as eqiial 

w 

to the time for a complete oscillation of an electron, that is, 
from cathode through grid to anode and back to the cathode. 

In Fig. 224 we trace the course of an electron, correlating the 
instantaneous values of e — E aiawt with electron position. 
On the left hand side is shown diagrammatically the plane, 
parallel dectrode-system, the different positions of an electron 
against time being plotted downwards, and on the ri|^t, grid 
poten^tial changes are shown correlated. 

Consider first an electron which leaves the filament at the 
instant that e is a maximum negative. This electron will be 
accelerated to a leu exteit than normal and this means that 
energy is bei^ up to the drcuit providing the A.C. volt- 
age. After eiiecttoa has passed through the grid, e has reversed 



364 SHORT WAVE WIRELESS COMMUNICATION 


and the eleotron is therefore retarded more than normally and 
will not reach the anode, but it is still giving up energy to the 
external circuit. On the return journey to the gird e is still 
positive, and so the electron is accelerate more than normally 
and abstracts energy from the circuit. If we suppose, however, 
that this electron is now captured by the grid, then it will be 
seen that the oscillation of this electron has had the net efiect 
of giving up energy to the circuit, the shaded portions showing 
the portion of cycle when this electron gives up energy. 

In the same way the flight of electrons which leave the 
cathode at other instants of time may be studied and in Fig. 224, 
right, we trace an electron path which absorbs energy from 

O 


i 

-Ej,. 

CA THOD E SRIO ANODE' 

PLANE PLANE PLANE 

E^GUBII 224. 

the circuit, and arrives at the anode, thereby contributing 
to the anode current. This current only flows when oscflla- 
tions are occurring and may be used as a measure of their 
amplitude but it will be seen that the miode current produces 
damping of the oscillations. 

The above shows the possibility of the eleotron oscillation 
supplying power to the external, drouit, so that if the power 
thus supplied is sufficient (that is, greater than the circuit 
losses) oscillations may be sustained without an applied A.O. 

Such an explanation fits in with the theoretical finmtda for 
the finquency previously derived, but it will be seen that the 
only electrons which yield up appreciable enei^ are those 
which leave the cathode durii^ a small portion of the oyoto 
and are captured by the grid on their return journey fiwm the 
anode. 
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For alternative explanation we assume that — is equal 

a 

to half the time for a complete oscillation. The efiect of 
E da id would average out on the B.C. stream of electrons 
travelling direct to the grid, but it would have a selective 
action on the random oscillations of those electrons executing 
a “ to and £co ” movement, depending upon the phase of the 
applied E.M.F. and that of the electron group considered, and 
we consider the two limiting oases ; first where the E.M.F. 

o o 


a 



Fiottbb 225 . 


is in phase opposition to the forward movement &om the 
cathode; secondly where it is in-phase. 

These two cases are illustrated in Fig. 226. On the left is 
{dotted the path of an eleotrcm undw the influence of the D.C. 
field alone against time (vertical) and opposite is the super- 
imposed field of double frequency for the two phase oonditicnis 
mentioned. Where the decfron is in an accelerating field is 
indicated b; a frfll line and where it. is m a retarding field by a 
dotted line. 

Gonsidw the anti-phase case. It is clear firom an examina- 
tion oS the' figure that the superimposed E.H.F. is at all times 
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retarding the motion of the electron until its final capture. 
Thus from a to 6, the acceleration is reduced because of reduc- 
tion of E, from 6 to c the retardation will be increased because 
of the increase of E from c to d the acceleration back towrards 
the grid id reduced because of the reduction of E, and firom d 
to e the retardation is increased because of the increase of E. 

The loss of motion is a measure of the energy delivered up to 
the I/J circuit by the electron at its correct frequency. Erom 
this figure it will be dear why the superimposed frequency 
needs to be twice that of the electron excursion-frequency. 
Although from a geometric point of view a cycle will be from 
cathode to anode and back to cathode, from an A.C. point 
of view this represents two cycles of events, because in this 
time the electron has been twice accelerated and twice 
retarded. 

(Consider now the in-phase case. The phase of the super- 
imposed E.M.F. is now seen to be such that it accelerates the 
travel of the electron at all times and this means it will swing to 
a greater amplitude and in all probability be carried over to the 
anode on its first outward joruney, the group of electrons in 
this category thus (Rowing their presence by anode current. 
The increasing acceleration givmr of course means energy is 
extracted from LG, but since such electrons are removed i^m 
tke circuit right away, there is a net balance (in respect of the 
two groups mentioned) of energy being delivered to the external 
^ circuit, considering an equal number of electrons to exist in 
each group. Electron groups having intermediate phase con- 
ditiims may be considered as falling into one or other of the 
okses mentioned. 

The general effect is then that a number of electrons are 
eliminated firom the circuit quickly in the form of anode loss 
and current, and a number surge to and fro within the valve, 
delivering up a proporticm of their energy to the IG oironit 
each cycle and it may be imagined that this surging group tends 
to draw into synohroninn electron groups which, are not too 
far removed from it in phase, so that the initial random phase 
no longer exists. 

Osdllations maintained in this way would evidently have a 
frequency double that given by the equation ni page 662, but 
on the other hand, such a type of oscilhttkm would appear to 
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have a greater effect on the external circuit than the type 
suggested in the first explanation. 

It has been found experimentally that oscillations can be 
I»oduoed at about twice the frequency corresponding to a 
complete electron oscillation, as well as at that frequency. 

TOthftr explanations show the possibility of an electron 
oscillation yielding up energy to an external circuit, but the 
conditions in the practical cases are somewhat different. 
Thus cylindrical electrodes will normally be employed and for 
the best results a ratio dajdg of 3 gives the best results. 

In order to obtain good results from a B-K. oscillator it 
is necessary to employ circuits of very high Q value, such as a 
resonant Ihie. Although the circuit can be connected between 
grid and cathode, it is 
more usual to connect it 
between grid and anode, 
as fr^om the H.F. point 
of view the anode is at 
the same potential as the 
cathode. Such a circuit 
is shown in Fig. 226, . 
the waveleogth being 
adjusted by the position 
of the slider. 

Valves used for this 
purpose are usually made 
with a tu 3 igsten bright-emitting filament, as this is the mort 
satisfactory type of filament to stand up to heavy electronic 
bombardment. Even with a tungsten filament this bombard- 
ment causes valve life to be short. It is also found that the 
cathode temperature is critical and this may have something 
to do with the control of the number of osofllations the useful 
electrons can make before capture. 

of the earliw workers on this subject ccmridered that 
two quite distinct oscillations were possible, one erf which was 
entirely independent of the external circuit and another type 
in which Ibe fluency was mcunly dependent upon this external 
oirouit. Latw wOTk, however, has shown that this distinction 
^bes not exist tat that fiw certain adjustments the external 
has rather more effect than fmr others. 
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During the latter part of 1931, considerable original work 
was done by Marconi and G. A. Mathieu on waves below 50 cm, 
using a modified fcom of B-K. oscillator, which is designed 
so that, if desired, a number of them can be built to form an 
array system and thus produce a narrow beam, Mathieu’s 

oscillator, which is a two- 
valve type, is shown in 
Fig. 227 and with this 
circuit no difficulties have 
been experienced in getting 
ample power into the 
aerial system efficiently. 

It will be observed that 
the output drcuit is con- 
nected between the two 
grids, and the two fila- 
ments are joined by short 
leads, as are the two 
anodes. Anodes and fila- 
ments are all held at the 
same H.F. potential by 
the condenser C. 

The other filament leads 
are prolonged to Lecher 
wires F, and F 4 , the length 
of ihese wires being so 
adjusted so that the fila- 
ments can be supplied with 
heating current at the 
voltage nodal-points, and 
for the proper working of 
these oscillators this adjustment is very important. The hig^- 
tension to the grids i^ fed through the centre point of the 
half-wave aerial and, to make a practical design of apparatus, 
the common filament-anode lead is made of a copper tube, 
which serves to support the whole transmitter and to screen 
the anode and grid supply leads, which are run throu^ the 
centre of the tube. The special vatves lued in this osdUator 
have a fife sev^ hundred hours when j^nduoiDg a fi»- 
queney of lOOO Mc/s. The modulation voltage is mtroduoed 
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into the anode circoit by -means of a transformer which must 
have a low resistance. 


The Resonant^rld Oscillator.^** A somewhat differ- 
ent type of oscillator, Fig. 228, is used by the I.T. and T. Cofp. 

on the circuit established by them across the 
Straits of Dover and working on 17 cms, the 
shortest wavelength in regular use. 

The construction of the valve is similar to 
that of a valve suitable for a B-K. oscillator 
except that the grid has a connection at 
either end and must have no supports running 
along it, such as are usual in many valves. 
A Lecher-wire t 3 rpe of output circuit is con- 
nected between the two ends of the grid 
instead of between grid and anode. 

Oscillations are found to occur when suit- 
able potentials are applied, the condition 
always being such that all the electrons emitted by the 
filament are crossing over the filament-grid space. 

With this type of oscillation the important valve dimensions 
which determine the ficequency are those of the grid, that is 
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imigth of wire, nhmber of turns, etc. It is fbnnd that tibe 
osdUsting toaqaeatiy can be Jkept the same if grid and plate 
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volta^ are both varied but the output will be different for 
each pair of values chosen. Typical curves are shown in Fig. 
229 and it wiU be seen that if a modulating voltage is appUed 
in the right proportions to both grid and plate, amplitude 
modulation will occur. For the -charaoteristios shown, if 
the grid and plate supply voltages are +270 and —14 respec- 
tively and peak voltages at the modulation frequency of 30 
and 8 volts respectively are applied to the grid and plate, we 
shall obtain a modulation of approximately 30%. This will 
be the maximum depth of linear modtilation obtainable, but 
the amplitude mod^tion so obtained will be free fix>m 
frequency modulation. 

The production of oscillations of this type are explained 
by Clavier as being doe to the grid acting as a transmission 
line having negative leakanoe (see page 369) and he .has carried 
out an approximate analysis to show the possibility of this 
negative leakanoe arising, due to the transit time of electrons 
between filament and grid. 

The Magnetron. As first produced by Hull in 1920 for 
long-wave amplification work, the magnetron valve consisted 
of a diode having a straight filament and cylindrical anode, 
the valve being placed uxside a solenoid so that current through 
the latter produced a field co-axial with the filament. The 
term “ Magnetron ” is now employed however for a type of 
valve used for ultra-short wave work, and is usually made with 
the anode divided longitudintdly into an even number of 
segments, and the field is generally applied by means of an 
electro-magnet or a permanent magnet. 

Zao^, in 1924, was .the first to show that such a valve 
could be used to produce very high-frequency oscillations, and 
since the introduction of the divided anode its behaviour has 
been widdy studied by a number of workers, although friU 
agreement is not yet reached as to its mode of operation in 
oert^ cases. With a divided-anode type of maguetron there 
are three types of* oscillation which must be considered, called 
“Electronic,” “Resonance,” and “Dynatron.” 

Consider a diode valve with a cylindrical anode (not divided) 
and co-axial filament, subjected to an eleotrostatio field by 
positive potential on its anode, and an “in line ” magnetio 
fi^ produced either by a adenoid wrai^ped around theepveli^ 
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or by placing the valve between the poles of a p^manent 
magnet. If we keep the voltage on the anode constant and 
vary the magnetic field, we obtain a characteristic as shown by 
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Fiotibb 230. 

curve a, Fig. 230. It will be observed from this that there is a 
critical value of field where the current falls abruptly to zero. 

The shape of the characteristio obtained may easily be 
understood by studying the probable electron paths sketched 
in Fig. 231. When the field is weak, its only effect is to cause 
the electrons to follow curved paths between filament and 
anode but the number arriving at the anode is unaltered. 
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ELECTRON PATHS IN FULL ANODE MAONETRM 

Fioubb 231. 

The force on an electron moving in a magnetic field is given 
by N e V, whero is the fiidd strength, e is the charge on an 
electrcm and v iS' its velocity. The directkm of the fiwoe is 
always norihal to the directioa of motion. 
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When the field is sufficiently increased, the electron paths 
axe so curved that they become tangmitial to the anode, and 
the electrons just fail to reach it. Hence the anode current 
suddenly drops to zero. The sharpness of cut-off actually 
obtained depends upon the accuracy with which the electrodes 
axe (xmstructed and the uniformity of the magnetic field. 

The random* surging around of the electron stream between 
cathode and anode is a similar action to that experienced by 
the electrons in the positive grid triode, and the valve when set 
in such a condition has clearly the same possibilities as an 
electron oscillator. 

(a) Electron Oscillations. Thus if a full cylindrical-anode* 
magnetron is adjusted to “ cut off ” and a snudl superimposed 
alternating E.M.F. applied between anode and cathode ; then 
the phase of this super-imposed E.M.F. with various groups of 
eleotrons may be considered as was done with the B-K. oscilla- 
tor. If the phase is such that it retards the electron on its 
outward journey whilst it is in an accelerating field, it wiU stiU 
retard it on the return journey, because the E.M.F. reverses 
at the same time as the field changes from an accelerating to a 
retarding field, and this electron group will give energy to the 
drouit. Whereas ifthe phase ofE.M.F. is such that it increases 
the acceleration from the cathode, although enetgy is given 
to the electron, this group is immediately swept out of the 
cfrouit and there is a nett gain of energy to the circuit. 

Since ihe electron osci]lati<m cycle consists only of <me out- 
ward acceletating path and one return retarding path, the 
frequency of oscillation is the same as that of tito super- 
imposed EJd J*. 

As has been mentioned, the usual type of magnetron now 
has its anode q>]it lon^tudinally into oxie or more pairs of 
electrodes. Using a val^ with a two-segment anode, for elec- 
tronic oscillatians, the tuned drcuit will be ctmneoted between 
the segments. The maintaining action is fundamentally 
the same except that, owing to a small distortion of field near 
the slits, the two hidves alternate^ impulse the drouit and 
thus toe interval between impulses is halved, fdtoon^ the 
frequency of oSaffiaticm is the same and is determined prihdp- 
aUy by anode dkuneter and 

The eipiatom of motkm of a dngle dedzon leatviag the . 
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filament of a magnetron adjusted to out-off can be accurately 
determined and shows that the relation between anode potential 
(E), field strength (H) and anode diameter (cm.), at cut'Ofi is 


E = 


181 


The time of transit of a single electron from filament to 
anode and hack, under cut-off conditions can also he deter- 
mined and hence the wavelength (cm.) of the oscillation found 
to he 

12,300 

X = -£r 


Or, by using the former equation 


X 


920 


d 

Ve 


Actually adjustments for cut-off and transit time will be 
affected by space charge conditions, and a complete solution 
is rendered difficult but it is found experimentally that 

XH = 11,000 is an approximate rule. 

It is evident that the wavelexigth of these oscillations wiU 
be of the centimeter acdet and hence a line type of output 
circuit is most suitable, as shown in Fig. 232. The wavelength 
is, of course, determined mainly by the valve adjustments dis- 
cussed above but varies to some extent with the circuit tuning, 

although the optimum output 
is obtained when the oirouit 
tuning is adapted to suit the 
particular valve and valve 
adjustments. 233 shows a 
typical result with a magnetron 
having an anode of 1 cm. 
diameter. It will be observed 
that as the wavelength is reduced, it becomes necessary to 
increase anode , voltage and magnetic field (as the equations 
simw) and also filament current. It will be found that these 
adjustments ai^ very mtioal, especially filament current. 

In order to ptoduoe electron osaOlatums satssfimtorily it is 
neoesB^ lo “ ti3t ” the magnetio field, so that it makes a 
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small an^, usually about 6°, with the axis of the fihunmit. 
Unless it is so tilted there will probably be no output or, if 
any is obtained it may not be of the “ electronic ” tj'pe. It 
is now assumed that the tilt is necessary to overcome excessive 
space-charge. Although space-charge limitation would not 
occur in an ordinary diode with the anode voltages being em- 
ployed, it appears that in the magnetron the electron paths 
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lead to concentrations of electrons near the filament and if the 
field is tilted many of these electrons travel in qnrals and are 
removed firom the neighbourhood of the filament. An alter- 
native to tilting the valve is to build into the valve two end 
plates or discs, one at each end of the cathode and set just i^ut- 
side cathode mid anode structure, leads firom these two 
end plates being brou^t through separate seals. The applioa- 
tion of a sihaffl D.C. potmitial has a similar effect to tilting the 
valve in the field, and in addition thaw end platea have been 



ELECTBON OSCILLATORS 


375 


used for modulatioix purposes by imposing a modulation yoltage 
in series with the D.C. potential. 

The efficiency of the noagnetron when producing the electron 
type of oscillation is low — of the sanoe order as the positive- 
grid oscillator but greater outputs appear to be possible and 
shorter wavelengths may be obtained. This is because the 
absence of a grid makes a very compact electrode system 
possible and there are no difficulties due to the grid overheating. 

A frequency of 61,000 Mc/s (0*49 cm.) has been obtained 
by Rich^, though the output was only about 2*5 x 10~^ watts 
for an input of 2*4 watts. 

(6) Resonance Oscillations. The maximum frequency of 
this type of oscillation is about 1,200 Mc/s (25 cm.) and fre- 
quencies as low as 6 Mc/s (50 metres) may be obtained. This 
type of oscillation differs from the dynatron type to be des- 
cribed because the ifrequency is dependent upon B and H 
as well as on the tuning of the external circuit, and it differs 
frem the electron type previously discussed because much lower 
frequencies can be obtained. There are reasons for supposing 
that the electron oscillation is merely a special case of the 
resonance type and that both depend essentially upon the 
transit time of electron movement within the valve. 

For the lower-frequency resonance oscillations H is con- 
siderably above the cut-off value and it is then easy to dis- 
tinguish between resonance and electron oscillations but (as 
will be seen fixun the next section) less easy to distinguish 
between resonance and dynatron oscillations which also occur 
with a high field value. At the highest frequencies, however, 
the electron and resonance oscillations merge together, both 
occurring near the cut-off point. 

If a magnetron is arranged to produce resonance oscillations, 
then ite anode current will vary with H as shown in Fig. 234. 
As seen previously, I is constant until the critioal value of field 
is reached (A), when it begins to decrease rapidly. Hie 
electron oscillations previously discussed would occur in this 
region. At B the resonance type of oscillatuais commence 
and when theso oscillations are occurring / rises again to a 
maximum at (7, 'irhioh is also the point of maximum output. 

In the of the full-anode magnet^, it is found that 
the wavelmgyi (m cm.) of resonance osdttatiomi is given hy 
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\ = Ks > where K is about 400 for a valve having an anode 
Jit 

diameter of 1 cm. Shorter wave oscillationB may also appear, 
> K H 

such that X , where n is 1, 2, 3, etc., values up to 

nE 

7 having been obtained. 

If a magnetron has P pairs of segments, the most prominent 

K. H 

oscillation is given by X = , thouj^ the longer wave- 

length as given by the fall-anode valve may also appear. 
Hence shorter wavelengths may be obtained by the use of a 
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number of segments, 2 or 4 being usual, but 8 and 12 have 
been employed. 

The value of K is approximately constant for longer wave- 
lengths but decreases considerably for the shortest wave- 

W 

length obtainable. Thus MoPebrie aixd Ford “ found that X •= 

oi 

fox a- magnetnm having a 4-8egment, 1 cm. anode, was 
very n^ly ocmstant at 200 down to 250 cm. but then leU 
rapidly, being 100 at 100 cm. 

The same investigators find that in the 2-segment magnetron 
the so-called electronic and resmumoe oscillations merge at 
the shortest wav^ngths. In order to determine with any 
de&uteness the wavdtength relstionshi^ outlined aboyci it' 
was fimnd necessary to l^nit the ocjoilhdih^s to a vmy small 
ampMtude, by reduoing the filament cumnt. 




ELECTRON OSCILLATORS 


377 


The impedanoe between the segments of a 2'Begmient 
magnetron whra it is producing resonanoe oscillations has been 
measured by Eervey^* and foimd to consist of a negative 
resistance together with a reactance. The variation of negative 
resistance as shown in Fig. 236 gives a formal explanation for 


(0 » 
|.o 

2 20 

2 50 

lOO 


■ 

m 


Hi 

Hll 

iiHi 




ISESl 


1 


'MH 

■i 

Ill 

1 

m 

m 

HBI 

■1 

1 


mv 

HH 

!■! 

II 


Hi 


lO 20 
METRES 

FH>TrBii23S. 


50 lOO 


the existence of resonanoe oscillations, but we have still to 
consider a ph 3 rBioal explanation for their maintenance. 

Since each frequency requires a difietent value of H and B 
and these conlxol the electron paths, the mechanism of oscilla- 
tion would appear to be dependmit upon the Ixansit time of 
electrons, that is the mechanism is similar to that of the electron 
oscillation but the frequencies generated can be, as we have 
seen, much lower than any possible transit time direct from 
filament to anode. 

An explanation has been put forward by Gill and Britton * 
for a split anode magnetron which supposes 
that the electron paths are somewhat as 
shown in Fig. 236. The time taken for the 
electrons to progress in a number of orbits 
aoross the face of one half segment before 
capture by the other, can be seen to be 
oomparativefy kmg and if the alternating 
voltage is superimposed iqxm the steady 
potentials segmentSi then adjust- 

ment of m^^gneti6 fidkl can so arrange the eleotnm mbits 
that an dsctnm takes htdf a cycle of the applied voltage to 
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traTOl from one gap to the next. Ab a result, at each gap— 
where the effect of the alternating field is strongest — ^the 
electron is urged hearer to the lower potential segment (in 
much the same way as illustrated by Fig. 238), thus contributing 
to the negative resistance effect 
McPetrie and Ford have shown that resonance oscillations 
can be produced in a full-anode valve, and splitting up the 
anode into segments merely reinforces certain oscillations. 

(c) Dynatron Oscillations. This type of oscillation is only 
possible with a split-anode type of valve, and is not an electron 
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oscillation at all. Ccmsider a 2-segm^t magnetron valve. If 
we connect the two segments together and plot a charactoistio 
of anode current-magnetisation, we obtain of course a curve 
BimilAr to that shown in Fig. 230 (a). If, however, we sepmate 
the segments, and, for difiment field values, vary the voltages 
to each segment, we obtain a family of curves as shown in 
Fig. 237,. frnm which it is seen that for the range of values of 
H beyond “ cut-off,” the s^ment at the lower voltage takes 
more current than the othmr. The reason for this can best be 
shown by considering Fig. 238 which shows the electric field 
when the segments ate at different potentials. In Fig. 238, p 
^ves the direction of force due to the dectrio field, / that due to 
the magnetic fidd, wln(& Is dways at r^t to the direo- 
tion of motion of the deotron, and the frdl line sketches the 
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probable path of an electron which would have nussed the 
anode and returned to the filament if both segments had been 
at the same potential K It will be observed that the potential 
difference 21>i between the s^- 
ment distorts the field consider- 
ably near the gap and as a result 
the electric field has a com- 
ponent retarding the motion of 
the electron at this point in its 
path. This reduction of velocity 
decreases the magnetic force on 
the electron and reduces its 
curvature of path so that it 
arrives on the lower-potential FieuBa238. 

segment. 

Kilgore * has plotted the equipotential lines for a 
2-segment magnetron when there is a considerable P.D. between 
the segments and shows that in this case the electron path 
may be a spiral, the electron arriving on the lower-potential 
segment, as in the case pictured above. By placing a small 
amount of argon in the envelope of the magnetron Kilgore was 
able to photograph ^he electron paths due to the ionisation 
produced. 

We will now consider the action of such a valve a s su mi n g 
that between the segments we place an LO circuit whose 

4mA 
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frequem^ is low compared with the electron transit time. 
For the present we can therefcne conuder the circuit as repre- 
sentiog an /idteiimtor of zero internal xesktance, giving say a 
peak vpHsge of 1(K>, as indieated in Fig. 239. 
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If it is assumed the field is set to beyond out-off ” as 
shown by the most forward curve of the series of oturves in 
Fig. 237, then at the peak condition of A.C., segment *' a ” at 
50 volts is taking 20 mA, and segment “5” at 150 volts is 
taking 4 mA. Thus, although the alternator is producing a 
voltage of 100, it is being driven as a motor, since the current 
fiow is in the opposite direction to the generated voltage. 

It is now an easy step in the discussion to replace the alter- 
nator by a tuned circuit (Fig. 240) which, when it is oscillating 
will produce an alternating potential difference between the 
segments. If the “motoring” effect previously mentioned 
is sufficient, so that the magnetron gives energy to the circuit, 
then oscillations will be maintained, the eneigy coming from 
the anode D.C. supply. 
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Of course, another way of considering the production of 
these dynatron oscillations is to use the negative-resistance 
concept. Since the voltage between the segments is in the 
same direction as the current which appears to fiow between 
the segments, instead of being opposed as in an ordinary 
resistance, we regard the impedance between the segments 
as being a negative resistance which can cancel the positive 
resistance of the drcuit jdaced between the s^ments, and 
oedllations can thus occur. 

This type of oscillation has evidently nothing to do witl\ 
electron transit time, nnce it is due to a property -^hich is 
apparent in the stado diaraotoristios, and the frequency is 
determined by the circuit connected between tire segments. 
When these dynatron oscillations are taking place, a relatimi 
hetweoa total anode cuneut and S will follow curve b of 
1%. 280, out-off oocuiring at a considerable h%hiw value of ff, 
d)is heii^ partioulady marked when the load is small. 

It will hie of interest to examine the fisotom affeo^mg the 
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effideaoy of a zaagnetron producing this dynatron osoillatkoi. 
An examination of the static oharaotedstios of Fig. 237 shows 
that for field values just beyond the “ cut-off ” the negative 
slopes commence comparatively near the equipotential point 
and quickly rise to a peak. As the field is increased, it requires 
a bigger difference of voltage before current passes through 
that segment having the lower voltage and the peaks of 
current are further removed from the equipotential point. 
This indicates that greater ejfficiency will be obtained with 
greater values of magxietisation because Tnavininm current 
passes through the segment at a bwer potential. This is 
foiuid to be so in practice but, because no current passes until 
a considerable change of voltage is created, it is difficult to 
start oscillations with a high field but by a subsequent in- 
crease of field, largw efficiencies may be obtained. This non- 
reversibility, however, foecludes efficient modulation of the 
anode potential. 

The conversion efficiency of the dynatron oscillator is bi gb , 
values of 50% being obtainable at 100 Mc/s and 35%-40% at 
160 Mc/s, -but it should be pointed out that the magnetio field 
is an essential part of the cirouit, and as this usually requires 
appreciable power the overall efficiency is reduced by some 
18%. 

The high efficiency of the magnetron as a dynatron oscillator 
can only be maintained whilst the generated frequency is well 
away from the transit-time frequency. Kilgore has shown 
experimentally that if the transit time is less than l/15th of 
the pmod, the efficiency falls to 30% and when it is l/6th of 
the period the dynatron oscillation begins to fall. As the 
electron-oscillation frequency range of a given valve can be 
calculated with fair accuracy from dimensions and cirouit 
constants, it is a simple matter to avoid overlapping of these 
two types of oscillation. 

The adjustments of this osoillatcHr are very simple as it is 
only necessary to set the circuit to the frequenty required, 
adjust the magnetic field to an approximate value, and bring 
up the anode voltage until oscillations are obtedned, which are 
indicated ly a sadden rise in anode odrrent : or oonvmsely, 
the anode yoltagb may be set to the full value right away 
and the fidd varied, but always from a h^ value to a lower 
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one, until oscillations are obtained. Starting from a low field 
and increasing may overload the valve by causing excessive 
anode loss. 

Filament Over-Heating in Magnetrons. It is frequently 
found that when a magnetron is producing either dynatron, 
electronic or resonance oscillations, the total anode current 
is greater than for zero magnetic field. This is because the 
filament is bombarded by returning electrons and its tempera- 
ture is thereby increased and the emission becomes greater 
than would be produced by the heating current alone. 

Since increased anode cuirent may produce a further rise 
in filament temperature, and so on, the effect becomes cumula- 
tive and may result in the destruction of the valve. It may 
be necessary to insert a resistance in the anode circuit so that 
the current may be limited. In the case of the valve used for 
dynatron work, the effect can be prevented by placing two 
guard wires parallel to the filammt, and in line with the anode 
sUt, a small negative bias being added to these wires.’ Guard 
wires, however, are not used in valves intended for electron 
oscillations as they prevent the oscillation from taking place. 
With the dynatron valve, overheating of the anode supports 
may also be serious, due to a similar cause, namely excessive 
bombardment, and this being prevented by placing on each 
support a small cylinder insulated from the support, which 
acquires a negative xiotential by accumulating eleotrom, and 
so prevents the main support from heating. 

Frequency Stability of Magnetrons and Modulation. 
One of the chief disadvantages of the magnetron for com- 
munication purpose is its poor frequency stability under 
modulatitm ocmditiaiui. The altnation of either anode 
voltage, field, emdplate voltage, or guard wire voltage, for the 
purpose of modulation results in % large, unwanted frequency- 
modulation appearing, together with the amplitude modulation. 
A vast number of patents disclosing modulation circuits of 
<me kind or anothm: have been filed but these are in most oases 
dumay or impracticable, and it is this inability to obtain 
sucoesaful modulation that appears to have retarded its 
progress as a praotioal device f<nr producing ultra-high fie- 
quenom frsr oommunicatian purposes. It »» however, an 
effident H.F. gmerator and in Gha^^nr XVlII is dtovm a 
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oirouit which has been developted for ultra-high frequ^oy 
therapy work. 

Considering for instance the dynatron type of oscillator, 
amplitude-modulation (accompanied by some frequency- 
modulation, as has been mentioned) may be carried out by 
varying the anode voltage, but we must avoid the discontinuity 
previously mentioned at high field values. Fig. 241 shows a 
set of curves connecting output current with for difrerent 
values of H, and it is seen from these curves that the curve 
H 500 is linear over a fair range, althorigh with this value 
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of field maximum output cannot be obtained. With the maxi- 
mum output curve the system will be discontinuous. Only 
shallow modulation at a reduced output is therefore possible. 

This undesired frequency-modulation occurs, of course, 
when anode modulation of an ordinary triode self-osoillator 
is carried out and is due to the change of anode resistance 
with the changing anode volti^. Although the percentage 
jfrequenoy-change is vmy small, yet at idtra-high frequencies 
this represents a very large actuid frequency change and can 
therefore seriotudy hiterfere with telephone modulation. 

With the trio^ valve such a frequency change can be 
diininated, or hurg^ reduced, by the application of a modulat- 
ing voltage in opposite phase and of appropriate amplitude. 
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on the grid of the valve, such as is done in the oaae of the 
reaonant-grid oscillator circuit. Similarly, in the case of the 
magnetron valve, if the magnetic field can be varied at modula- 
tion frequency but in opposite phase to the modulation im- 
pressed on the anode, frequency modulation can be eliminated. 
Cirouits have been suggested for carrying this but but they 
are difficult to apply economically. 

Grid-Controlled Magnetrons. Magnetrons have been 
constructed with a grid-electrode for the purpose of aiding the 
modulation problem. Modulation may then be carried out 

either by varying the grid- 
voltage alone, or by applying 
modulation to both grid and 
anode in opposite phase. Fig. 
242 shows the output-current- 
grid-voltage curve of a grid- 
controU^ magnetrcm working 
on about 180 cm. wavelength, 
from which it is seen that deep, 
linear modulation is possible, but 
it is accompanied by firequency 
modulation. 

The simultaneous modulation 
of grid and anode in anti-phase, 
however, produces an output linear over a range, but with 
only small firequency modulation. It has been stated that 
by suitable adjustments, the firequency modulation effect has 
been reduced ^m 250 parts in 10* to 60 parts at deep modu- 
lation, and if the mod^tion depth is reduced it is possible 
to reduce the firequency change to a value of 10 parts in 10*. 
Sudi a figure is, however, not too satisfactory for telephony 
at ultra-h:^ frequencies. 

Special Types of Bfagnetron. The proUmns of Uie pro- 
duction of appreciable power at very high fiequmicies is much 
the same with the magnetxon valve as with other oscillators — 
that is to say, to provide the emissum we requhe a large 
cathode and to deal with the anode loss we require an ano^ 
systrar that will radiate hesd; effickhtily, whilst these detrtzo^ 
dkould be small if vny hi^ firequendes are desired. Since 
the magnetron seemed sudi a parthmlar^ efficient genwator 
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of very high firequenoies it is natural that a oonsidarabto 
niimber of types should have been evolved for producing 
appreciable power at very high frequencies. 

Linder has constructed a 2-segment valve in which the 
segments are one-quarter wavelength long and short ofrouited 
at one end and with this he produced a power of 16 watts at 
8 cms. 

Kilgore * attacked the problem of providing a comparatively 
large output efiSdently at somewhat lower frequendes and has 
constructed a valve producing 100 watts at 600 Mc/s (60 cm.) 
with an effidenoy of 26%. In this valve, as shown in £ig. 243, 
a masdve Lecher-wire circuit of large thermal capadty and 
dissipating surface is placed within the valve envelope and 
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water-cooled. By this means a large Output is possible even 
thoni^ the size of actual anode is quite small. 

Water-cooled valves have also been produced, in somewhat 
differant fashion by Ffetscher and Puhlmann^ and others; 
and a number of workers have suggested designs, in which the 
internal dimensians of the s^ments are a spedfic function 
of the wavelength, so as to frtdlitate the coupling of the internal 
energy with the external drcuit. 

Circuit arrangements are sometimes used so that part of 
the magnetising winding carries the anode current. One of 
the authoTB has built a dynatron type of oscillator in which 
practically the whole of the magnetisation is provided by 
the anode ouirent, only a final setting being obtained by a 
, subsidiary low-voltage winding. Such an arrangement pre- 
vents ovedoadmg qf the valve as any rise of feed iaoreases the 
field. It has also been found that with a valve used for xeson- 
ance oadfial^ stfoh a circuit is much m<ne stable. With 
tibe ordinary oirouit, if the magnetrcm is adjusted to produce 
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the maximum output and then the load is reduced, the anode 
quickly becomes overheated, but with the differential circuit 
this does not occmr. 

Electron-Deflection Oscillators. The extensive develop- 
ment in recent years of the cathode-ray oscdllagraph and 
other devices in which an electron beam is deflected, has led 
to attempts to construct amplifiers and oscillators in which 
a beam of electrons is deflected by the input voltage instead of 
varying the number of electrons in a stream, as in the usual 
type of valve. 

The essentials of such an arrangement are shown in Fig. 244 
which may be a high-frequency amplifier if the deflecting plates 
are supplied fix>m an external source, or a self-oscillator if 
their voltage is derived by coupling back from the output 
circuit. Evidently, the alternating voltage between the 
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deflecting plates will rdsult in the electron beam “ switching ” 
from one anode to the other, thereby giving impulses to the 
resonant output-circuit. 

Arrangements of this kind have suffered from the defect 
that, if the beam was made long enou^ so that the switching 
action took place with a low voltage between the deflecting 
plates, then the beam had a very high resistance and it was 
therefore difficult to obtain appreciable power and difficult to 
deedgn an output circuit of sufficient resistance. In other 
words the mutual conductance of the arrangement compared 
unfevourably with that of the ordinary valve. 

It has been shown that the input impedance of ordinary 
valves decreases greatly at hi^ frequencies, and it can be shown 
that at such frequencies the impedance between tike deflector 
^tes may be much hi^iiw than the input impedance of an 
ordmary valve. The deflection-osoillatrtt and amplifier may 
therefore find application at vmy hj|^ friequenoies and attempto 
are being made to improve its mutual conduetanoe. 
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Velocity-Modulated Beams. A second alternative 'to the 
conventional method of controlling an electron stream by 
varying the number of electrons, is to vary their velocity and 
such an electron stream is said to be “velocity-modulated.” 
Control of velocity modulation can remain efficient, and the 
control electrode- be of high impedance, e'ven at extremely high 
firequenoies, in contrast to the behaviour of the conventumal 
control-grid. Fig. 246 represents an electron stream of uniform 
density and travelling with a uniform velocity between the 
electrodes AB, which have a steady potential on them equal 
to that which accelerated the electrons and produced the 
beam. 

We will now coiudder the application of an alternating 
voltage e between A and B during a half-oyde of the voltage. 

TRANSIT TIME— — — ^ 

TT RADIANS I B 




ItevBB 246. 

A tonvenient way of expressing the time taken for the electrons 
to travel from A to R is to specify it as an “ electrical an^ ” 
with respect to the frequencies applied to the electrodes, so 
that in this case we can say the transit time betwemr A and B 
is w radians. 

The value of e is assumed small compared with the voltage E 
which has produced the electron stream. Assj changes of 
velocity bror^ht about by e will therefore be a small fraction 
of the mean velocity and it is assumed that the transit time 
^ to R is BtOl TT radians. Fig. 246 shows the relationship of 
volti^ in A and R at difrerent times. Thus an electron which 
passes A at time < 1 , will pass tmder R at tg and sinoe e is zmo 
at both these instmits, its velocity will be unchanged. 

An electron u^ioh passes A at ^ will be aooeleirated whilst 
passing and wilji frayel increased vdodiy to R which 
it reaches at {afprorimatefy) and hi Iherefcce accelerated 
Again and travels on at a unfrbrm but hi|^ vekxaty. 
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By a Bimilar argament, an electron whidi passes tinder A at 
^4 will be retarded tinder both A and B. 

On the right of B, therefore, the electron stream contains 
electrons which have been accelerated due to twice the maxi- 
mum value of e, electrons which have been retarded by an 
equal amount, electrons which are unchanged, in velocity, and 
electrons which have velocities intermediate between the above 
particular oases. 

If now we allow the electrons in such a velocity-modulated 
beam to “ drift ” along a tube after passing the oontrol- 
eleotrode system, it is clear that the faster ones will catch up on 
the slower ones and what was formerly a continuous stream 
of electrons will become sorted into groups so that regions 



246. 

where the electrons are closely packed and where they are 
rare will be travelling down the' tube. 

It will be appreciated that in order to achieve velocity- 
modulation with an electrode system of reasonable compact- 
ness it will be necessary for the velocity of the electron stream 
to be high, since the transit an|^ betwem A and B should 
be 180*’. Quite a small alternating voltage on the con- 
trol electrodes will produce a deep velocity-modulation pro- 
vided the “drift” tube is long enon^ since even the 
smaUest difierenoe , of velocity that is produced at A and B 
wiU, if given time, ^teot a sorting process. This means that 
althou^ only n^igible power may be used to modulate the 
beam, it is possil^ to obtain large A.C. potrer from the beam 
by the adoptum of a pn^per ooUecthig device ; so that sui^ an 
amngmmnt can be u^ aa an fmpMm bsoillatoir. 

Varions methods fot the oolledhm of -AU. power hrom a 


ELECTRON OSCILLATORS 


389 


velocity-modulated beam have been devised, and tubes depend- 
ing upon two different principles will now be described. 

The **Kl]rstron** Oscillator. A novel type of oscillator 
has been developed by R. H. and S. F. Variant which shows 
promise as a means of generating considerable power at 'very 
high frequencies. 

For good results at these frequencies it is necessary to use 
an imusual type of resonant circuit and this will first be dis- 
cussed.*” It has long been known that a metallic enclosure 
such as, for example, a copper sphere, can have an electro- 
magnetic oscillation produced within it, in much the same way as 
a closed (or nearly closed) vessel can become an acoustic resona- 
tor and, more recently, the properties of such enclosures have 
been investigated and the name “ rhumbatron ” given to them. 

If we suppose the walls of the enclosure to have zero resistance 
then there wiU be no field outside when an oscillation is taking 
place. Inside, there will be an alternating electric field and, 
in space and time-quadrature with it, an alternating magnetic 
field, and there will be currents on the inner surface of the 
enclosure. 

It has been shown that such enclosures can have very large 
Q values. The definition of Q as L/CB hardly applies here 
but the equivalent definitions as given in the transmitting 
section, namely as kVA/kW holds. 

For reasons which will presently appear, a suitable form of 
rhumbatron to employ in the klystron is that shown for the 
“ buncher ” and “ catcher ” so-called, in Fig. 247. In this 
case the electric field will be mainly concentrated acaross the 
neok o£ the rhumbatron. 

Consideiing the arrangement of the klystron in Fig. 247, a 
stream of electrons is produced by an “ electron gun ” similar 
in arrangement to that in a cathode-ray tube, additional 
foottssii^ of the beam being obtained by the outer web of the 
osdllating system, which as a whole is at the potential of the 
anode, and can be earthed. The few electrons whi<^ pass 
right through both bunohm mid catcher are collected on an 
electrode whidi may form an extension of the catcher, but 
this a not oomemed in the luroduotion of oscilktions. The 
seds and details envelope to produce the necessuy evacuated 
^jntem are not i^wn. 



390 SHORT WAVE WIRELESS COMMUNICATION 


Let xis efdte the bunoher rhumbatnm iato oscillation 
and BO arrange matters that the electrons pass right through 
the neck of it during a half cycle of the oscillation. This can 
be done by obtaining the correct value of D.C. potential. 
Then electrons which enter when the electric field due to the 
oscillation is opposing motion will be retarded whilst those 
which enter during the next half-cycle will be accelerated. 


CATHODE 



eOLLECTOR 


FravBB 247. 

The buncher therefine corresponds to the electrodes A R of 
ovx previous discussion and it is clear that velocity-modulation 
of the electron stream will be produced and the electrons will 
become bunched and rarefied as they drift down the tube 
beyond the buncher. 

Let ns now conridw what happens at the second rhumbatron 
—the catcher. Ignore for the time being the concentric line 
ccmneoting the rhumbtttrons and suppose the catdier to be 
oscillating. If the phase of the osoillathm is such that when 
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it is retarding*the electrons, the bmiohe4 electrons are passing 
the catcher, whilst the rarefied electrons are passing it when its 
voltage is accelerating them, the electron beam will be yielding 
up energy to the catcher and a large conversion firom D.C. to 
A.C. is thus possible. For high efficiency the catcher should 
have a high Q value so that a powerful electric field is produced 
across its neck and hence the electrons are retarded to nearly 
zero velocity in their passage across the catcher. 

Evidently if the oscillation of the buncher is maintained 
by feeding back a small portion of the oscillating energy of the 
catcher by way of a concentric line of the right length to give 
the correct phase, we have a self-oscillating system. 

It is necessary for the rhumbatron to be of the shape shown 
in order that electrons accelerated by convenient voltages 
may pass through it during a half-cycle of the oscillation. If 
a sphere had been used, for example (with the electron stream 
passing through its diameter), then its wavelength is only 
slightly greater than its diameter, so that, even if the electron 
stream had the velocity of light, it could not get through in a 
half-cycle of oscillation. With the shape of rhumbatron used, 
however, a voltage of about 3000 volts is sufficient to produce a 
sufficient velocity, about 1/lOth that of light, for the correct 
phasing of the beam. 

With the klystron oscillator outputs of 300 watts at 10 cm. 
(3,000 Mc/s) have been obtained and correspondingly larger 
outputs at longer wavelengths. 

Velocity-Modulation and Retarding- Field Conversion. 
As an alternative to sorting out tlie electrons in a velocity- 
modulated beam by allowing them to drift along a uniform 
field, valves have been designed in which the sorting is accom- 
plished by applying a retarding field to the velocity-modulated 
stream.^* 

If a low-potential electrode is placed in the path of the beam 
then it can be arranged that electrons travelling at the higher 
velocities will be collected by the electrode but those travelling 
at velocities below the average will be brou^t to rest before 
reaching the ooUectmr and will return back al(mg the beam. 
Hence the e£E^ of the retarding field has beoi to obtain fiom 
a velodty-modulated beam a returning electron stream which 
is varying in intensity at the operating firequency. Thisretuming 
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stream can therefore supply A.C. power to any eleotrode upon 
which it impinges in the same way as the alternating anode- 
ourrmit in a conventional valve supplies A.C. power to a 
load. 

The B'K. oscillator and the magnetron are really examples 
a retarding-field type of velocity-modulated valve, but 
valves specially designed for the purpose, and incorporating 
a low-loss output circuit of the transmission-line type have been 
developed by Hahn and Metcfdf and used as oscillators down to 
6 cm., and as amplifiers and frequency changers at wavelengths 
as low as 37 cm. 
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CHAPTER XIII 


iioi>t;i.ATiON oiBonrrs 

When dealing with the subject of modulation theory, it 
was shown that the problem in its simplest form is to vary 
the amplitude of a high frequency carrier wave in such a manner 
that a line drawn through the tips of the waves forms an 
envelope shape which corresponds to the modulating signal. 
Further, to create this variation of amplitude necessitates 
work being done of amount which can most easily be deter- 
mined by considering the side band analysis. 

In the ideal case, not only must the envelope of this high 
frequency carrier wave be an exact replica of the original 
signal, but it should reproduce changes of signal amplitude 
in a linear manner up to the maximum depth of modu- 
lation required. In the case of telephony, it has been 
shown that this involves the transmission of a wide band of 
audio frequencies ; and hence for a given intensity of signal 
the aerial current change should be the same throughout this 
band, if distortion is to be avoided. 

The degree to which these conditions are fulfilled in any 
transmitter depends very much upon the services required of it. 
For instance, broadcasting, since its primary object is enter- 
tainment, requires a high degree of linearity over a very wide 
frequency band, 30 to 8,000 cycles, up to large depths of 
modulation, 90% ; but, on the other hand, the power effidency 
is of secondary importance and the simplidty of drcuit and 
prime cost of little interest. The case of transmitters handling 
commerdal telephony is different ; here the frequency band 
can be limited from 260 to 2,750 (^cles, the ffequency lespooBe 
curve need not be strictly linear, but the power efficiency is 
of the greatest importance. Althou^ modulation chrcnits 
both for broadcasting and genercd purpose sets are the same 
in prino^le, the gteatetr accuracy of ze^nse required in the 
first case necessitates much mate daborate apparatus. 
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Amplitude control of a carrier can be made, either directly 
upon the high frequency wave, or on the direct current supply 
before conversion into high frequency. Certain systems of 
control are suitable both for self-oscillators or driven sets, 
and others suitable only for driven transmitters. In this 
ooimeotion it is well to point out that on short waves it is 
quite impossible to transmit intelligible speech with the 
self-oscillator t 3 rpe of transmitter (however elBGioiently it is 
modulated), except over the very shortest distances and with 
wavelength alrave 60 metres. The reason for this is due to 
multiple echo effects giving more serious distortion when the 
transmitted wave is not kept extremely constant, and in con- 
sequence we shall confine our discussion to ^^tems suitable 
for the driven type of transmitter. It is important to observe 
that all methods involve the setting of the system to some 
asymmetric condition ; for modulation, like detection, cannot 
be carried out unless the circuit is so adjusted. 

The general methods of amplitude modulation suitable for 
a driven short-wave transmitter may be grouped imder the 
following headings ; 

(1) Anode Modulation : 

(а) Choke. 

(б) Series. 

(2) Low Power Modulation. 

(3) Grid Bias Modulation : 

(а) Current. 

(б) Voltage. 

(4) Cathode Modulation. 

(6) Suppressor Grid Modulation. 

We do not propose to deal with the high-effici^cy, phase 
modulation systems as developed by Clureix, Doherty, and 
dthers, as these are only succesefol at long mad medium wave- 
length. 

Anode modulation is one of the rimplest methods employed 
and involves thie change of amplitude of supply yohage to the 
anode of the H.P. •transmitting stage. 

Consider jsay a stage of a hiih’^OdBiu^y transmitter being 
operated under CSass B omaditums, having an anode supjdy 
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voltage of E. The load line Mnll roughly be as indicated by 
ABC Fig. 248, and we can assume the conversion efficiency 
would be approximately 65%, this giving an output hi^ 
frequency current I, Fig. 249. If now we raise or lower the 
D.C. voltage, still keeping the valve under Class B conditions, 
the load line will slide parallel to ABO, the conversion efficiency 
will not materially change and in consequence wie shall obtain 
a linear relationship of output H.F. current to anode voltage 
as shown in Fig. 249, provided we have sufficient peak emission 
in the valve. 

If a sinusoidal change of anode voltage is provided from a 
modulator system, the relationship of anode voltage and 
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FravBB 248. StotnuB 249. 

current will be as shown pictoriaUy in Fig. 260. Observe 
that if the conversion efficiency remains constant, the power 
supplied and converted surges from high to low levels each 
modulation half-^jyole. At the peak of modulation, the 
instantaneous voltage and curient are doubled, hence the 
power is quadrupled. If the carrier is modulated 100%, then 
the average power rises to a value of 1'5 times the power in the 
carrier condition, and thme will be in consequence a rise of 
HJ*. current during such niodulation of (s/l *6. This is obvious 
sinoe ihe power due to canior and stde-bands is 1*5 the eaixkr 
power and this must be equal to /*jur.«. x 
HJ*. current for this and difreient percentage modubtions is 
shown in Fig. 251. 




" ANODE VOLTAGE CHANGE ) TIME 

80% OF INSTANTANEOUS D-C 


FlocKB 260 . 

required, must be kept in view when chocMsing a suitable valve. 
Or conversely, for a valve designed economically for telegraph 
conditions, we must, if we desire to modulate it, reduce the 
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PERCENTAGE MODULATION 
.Itouas 261 . 

carrier level by an amount which depends upon the percentage 
modulation required, thus: 

Modula1)(Bd Possible j- = x ^ 
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Anode Modulation by Choke Feed. One method of ob- 
taining a rariation of anode voltage is by the use of an iron core 
choke in the supply. This method, whioh is due to Heising, is 
sometimes referred to as a oonstant-cunent control, and is 
suitable either for a self-oscillator or driven valve. 

Since modulating signals are usually all within the audio 
frequency band, the most direct method of control is to include 
an iron core transformer in the main supply, any signal across 
the primary producing voltages across the secondary which 
must be commensurate with the D.C. voltage to be controlled. 

The design of a satisfactory transformer for such purposes 
has really only become practiced with the advent of the push- 



pull modulator arrangement, as described on page 403, and 
since a transformer is not essenticd, modulation is often 
effected by the use an iron core choke in the main supply 
lead, with the modulator valve in shunt as shown in Fig. 252. 

Let us consider the choke fed arrangement where is the 
modulating valve, V, the H.F. amplifier bemg driven at a 
70% efficiency, say, and L an iron core choke, whose reactanoe 
can, for the moment, be assumed to be infinity to the signal 
freqnoicy. We have to show, first, how modulation impressed 
on the grid of controb the amplifier in the mtam&c 
previously discussed, and, secondly, what adjustments are 
necessary to obtain the greatest effidenoy, or linearity. 

Since the modulating valve may have to control a power 
as great as the ourier undw certain conditions, it will be fair 
to make the assumption that the modnlat(« feed should 
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at least equal the feed to the amplifier in the quiescent 
condition. 

The total power supplied is thus double, and is divided 
equally between amplifier and modulator valves, but whereas 
the former converts 70% into high frequency carrier, the latter 
dissipates the total power, and must therefore have a dissipation 
rating three times that of the amplifier. This static condition 
of the modulator is shown at “ 0,” Kg. 263, which represents 



an EJ[, curve of a valve which will fulfil the required 
oonditicms. 

If now a low frequency sine signal is impressed on the grid 
(tf the current fiow resulting will depend upon the circuits 
external to the modulator, and we can obtain an idea of the 
results by combining the modulator valve and load character- 
-istloa. 

The drouit to be considered as shown in Kg. 264, where the 
valve represents a source of low ficequency, across which 
is an iron core dhoke L, and by-pan oondmsns Ct> C, and C„ 
all high rMpOtaace ; md tiie modulated ampMer circuit, 
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which may be considered as a non-inducti\re load to low 


frequency of value 



Assuming for the moment the shunt reactance of choke and 
condensers to be very large compared with they can be 
neglected, and the load characteristic is, therefore, a straight 


line of slope For the numerical example previously 
considered, this is ^S- length of 


this line being dependent upon the excursion of modulator 
grid, and its position such that it passes through " 0," the 


average condition. 

The action of the modulator now becomes clear, for change 
of modulation grid potential by the sine signal leads to in- 
phase current changes, and antiphase anode voltage changes, 
which if the characteristic was ideal would swing the anode 


potential, of the modulator, and hence of the amplifier, between 
the limits of twice the static I!„ and zero, and swing the 


modulator current between zero and twice I„. 


This changing modulator current cannot be satisfied by 
the supply, because of the choke L, which prevents current 
change, and hence the variations of are interchanged with 
those of 2., the latter rising when falls, and vice versa. 


Thus, by impressing a low frequency signal on the modulator 



ItouBB 264. 


grid, the supply voltage to 
the amplifier is varied in 
accordance with the signal, 
and consequent modulation 
of carrier results, the addi- 
tional power necessary to 
effect this being fortiicoming 
from the modulator itself. 


Because of the antiphase 
otBidition of and the power dissipated during sine, 
modulation drops to half that of the quiescent ccmditiQn. 

Another way of considering the matter is that because the 
choke prevnits changes of feed frx>m the supply, the totel 
current /| is constant. Hence any dtange of feed throu|^ 
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is aooompanied by im opposite change of voltage and 
amplifier feed J, ; and because E^ and are in opposite 
phase, and E^ and in phase, the amplifier gains power and 
the modulator lo^. 

In the following table the power relation of modulator and 
amplifier are shown both for quiescent and modulating condi- 
tions. It is necessary to understand the significance of these 
figures, as although the distribution of power changes when 
modulating, no indication of this is given by the feed instru- 
ments If, I„ and If,, which remain stationary throughout. 


Carrier. Sine Modtdation 100%. 



Average. 

Peak. 

Average. 

Peak. 

F, 

•7,000 


*7,000 


h 

•100 


•100 


1, 

•60 

300 

•60 

600 


•60 

— 

•60 

100 

K 

7,000 

12,600 (E» + 

•8F») 7,000 26,200 (E» + '8E„) 

K 

7,000 


7,000 

14,000 

W, 

700 


700 


w. 1 

Wgr) 



/167-6 

®2\367*6 


Conversion ) 
Efficiency ) 


70% 



350 


176 


^BF 

•1-OR.M.S. 

•1-23R.M 

:.s. 


* Instrument measurements. 


Note. — ^T he peak ourrent values are jbaaed on the assumption of 

Ip 

Class “ 0 ” working with y = 6/1. 

Iq 

Observe that the only instrument that gives any clue to 
the eSective modulation is the H.F. ammeter, and this rises 
(mly from 1 *0 to 1 *23 for 100% modulation. For percentage 
modulation of less amount the rise is shown in Fig. 251. 

Of course, pcpk voltmeters across either' the speech choke 
Zr or tire valves wiU, give indicaticm of control, but sinoe it is 
H.F, output we axe interested in, the oha^ of Ij^f is the most 
satisfactory gmde to tiie performance of the system. 
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Obviously a modcdator cannot have ideal characteristics 
to allow 100% modulation, limitations being caused both by 
bottom bend of the characteristic and by grid current. It is 
evident that in order to get even a medium modulation per- 
centage we must use a very low resistance modulator valve, 
such that the E, curve for E, — 0 is very steep ; but with 
the best possible design, 80% represents a maximum value for 
modulation with a straight circuit, although a modified 
arrangement can be made to give 100%, as will be described 
later. 

The excursion of grid voltage should be such that the peak 
of modulation does not run into either region mentioned, a 
sufficiently low resistance valve being chosen to require a 
large negative bias in the quiescent condition. 

Where a large band of frequencies is to be signalled the 
straight line load characteristic does not represent the true 
load on-the modulator at all frequencies ; for at low frequencies 
(60 cycles) the reactance of E is commensurate with, or may 
even be small compared with, B,, whereas at higher frequencies 
(6,000 upwards) the reactance of the shunting condensers will 
be small. In consequence, at the top and lower end of the 
frequency band the load curve is no longer a straight line, but 
opens out into an ellipse, as shown in Fig. 263. This means the 
percentage modulation will fall away at these frequencies, 
and unless the average feed is raised to accommodate the 
ellipse, distortion will result. 

Cihokes are suitable only for sets of low power, as the D.O. 
component of feed necessitates a very large iron section if 
saturaticm of core is to be avoided. This may be overcome 
by the use of a tapped choke, usually 1/1 ratio, where the 
connections are such that the modulator and amplifier feeds 
pass in opposite directions ; thus the magnetising effects of 
these feeds cancel if they are equal, but any variation of feed 
by the modulator impresses its voltage changes on the amplifier 
in a similar manner to that described in the choke drcuit. 

Earlier in the chapter it was mentioned that a modified 
drcuit could be set up to give 100% o(mtroL If a lesistaaoe, 
shunted by a condenser to pass low frequency, is inserted in 
snicB with the aniiffifier D.O. cfrouit (E iig. 262, the condenser 
not being shown) thu will drt^ voltage of amount E, where 
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/, is the average feed. Thus the D.C. volts to be converted 
will not be but some lower value. For instance, in the 
example given where the feed is 50, with J^,„»7,000, if 40,000 
ohms is included in series with the voltage across the valve 
is now but 5,000, and thus the oaixier current will fall to '8 
amp. 

But the modulator valve still controls 7,000 volts ; its load 
characteristic is not materially altered by the 40,000 ohms, 
and in consequence a 75% control by the modulator (5,000 
volts) creates 100% control of the reduced amplifier volts. 
This method of achieving full control is, of course, at the 
expense of efficiency and output. 

If the transmitter is large, to obtain sufficient swing on the 
grids of the modulator valves may necessitate amplification on 
the original audio frequency signal, be it from a microphone 
or an incoming line, and it is usual to adopt a multi-stage 
resistance capacity tjipe of amplifier with a correcting network, 
if Unear response is desired over a wide band of frequencies. 

Class B Push-Pull. By utilising two valves in push-pull 
and operating them at a point just above cut-off, a system is 
provided in which the D.C. loss in the modulators can be 
avoided. Thus instead of the modulator being coimeoted if 
shunt with a choke, the two modulators are ooxmected in 
push-pull across the primary of a transformer, the secondary 
of which is in series with the H.T. supply to the main unit to 
be modulated, i.e. the modulated amplifier, the circuit diagram 
of a modulation unit being as shown in Fig. 255. To avoid 
passing the D.C. feed to the modulated amplifier through the 
transformer secondary it is usual to shunt-feed the latter 
through a choke as indicated. Such a circuit is often supplied 
with negative feedback to correct for distortion which may be 
introduced by the main transformer. Fig. 255 showing a feed- 
back cirotut of simple character.* In this circuit the feed- 
back volti^e is derived from a resistance unit Fi, m series 
with the miun transformer secondary, the voltage firom which 
is injected back into the primary of the line-to-grid trans- 
former of the fii^ audio ste^. To ensure stability of working 
and to provide a oortiun amount of audio fiequency dis- 
(simmation a relistanoe-oapadty choke netwcnk, RCL, is 
donneofod aotoss the foedbt^ resistanoe. 
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A trouble aasooiated with early push-pxiU modulators was 
that due to ezoessive voltages being developed across the 
taransformer during over-modulation periods. This can be 
prevented bjr the fitting of a limiting device, usually a neon 
tube, across a convenient modulator valve. 

Series Modulation. The series modulation drouit has 
been developed to operate in one of two ways. In the fiirst 
t 3 rpe the modulation is applied between grid and cathode of 
the modulator valve, and in the second the modulation is 
applied in such a way that it includes the load circuit as well 



as the grid-cathode circuit of the modulator valve, in which 
case the circuit is of the type known as a “ cathode-follower.” 

Dealing with the first case, where the modulation is applied 
between grid and cathode, it is immaterial whether we arrange 
for one side of the H.F. circuit, or one ride of the modulator, 
to be at earth potential. If the former, we shall have the pro- 
Ifiem of feeding in the modulation at a H J*. potential above 
earth, whilst in the later we have to arrange an H.F. circuit 
which is all at the modulating voltage above earth. Both 
circuits have be«Q used, althou^ the latter is probably a 
rather more simple problem, and Fig. 266 shows a series modula- 
tion rirouit with modulator at earth potm.tial.’’ 

The oirooit may be ccmridered as oonsktting of two zesist- 
ances in soies, the amidifier resistaaoe B, beiz^ of fixed 
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vBlue, and equal to — : and the modulator resistanoe 

which is variable. It is clear that if can be varied between 
values of zero and infinity, the anode voltage to Bi, will vary 
between the supply voltage, and zero, but as with the choke 
method of modulation, limitotions of the characteristics prevent 
this range being achieved. 

In analysing this circuit we can follow exactly the smne 
procedure as in the choke modulation case, by setting up the 
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EJL^ characteristics of the modulator valve, and laying across 
toese the load line due to the H.F. amplifier. 

As an examide let us use the same modulator valve 
and high frequency drcuit as in the choke modulation 
circuit just discussed. The high frequency circuit forms the 

load in series with the modulator and its value R.=^= 

60 

giving a load line of slope ARi Then if we had an initial supply 
Et of 14,000 volts (instead of 7,000) the load curve would be 
BOA (Fig. 263} and a bias on the modulatmr to the point 0 
would detennine the quiescent oondition. 

As bef^, we have 7,000 volts across both modulator and 
amplifier, and the auneourrmit through each, but since they are 
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in series, the supply voltage is not as marked in Fig. 253, 
but 14,000, the point B. The power supplied is the same as 
before, the supply 'voltage being doubled and the current 
halved. Half this power is dissipated by the modulator and 
half delivered to the high frequency valve, the latter converting 
some 70% of its input into high ^quency output and dissi- 
pating some 30%. Thus the same valve anode dissipation 
ratings as for the choke case will be necessary. 

If now we consider the effect of an alteration of modulator 
grid voltage, this wiU sweep the modulator current in phase 
and the modulator voltage in .antiphase along the load line 
and meate amplifier anode voltage and current changes, the 
modulator losing and the amplifier gaining power by an 
amount dependent upon the depth of modulation and type of 
signal. Thus the action is similar to the choke modulated 
case. 

It is dear we shall have the same limits due to bottom bend 
and grid current and in consequence the maximum change of 
modulator voltage will be less than 7,000, and it is not possible 
therefore to modulate to 100%. In the case shown in Fig. 253, 
that is with equal voltage across modulator and high fin- 
quemy valve in the quiescent condition, the modulation 
factor is about 70%. If, however, the initial quiescent con- 
dition is arranged such that the modulator takes greater 
voltage than the high frequency valve, the modulation per- 
centage can be raised to well over 90%. 

There is no iron core choke in the series drouit and the load 
line, therefore, is alwa 3 rs substantially a strai^t line, and it is 
found possible to obtain modulaticm over a greater length 
of charaoteristio without introducing distortion. Measure- 
ments made with this type of control show that the distortion 
frtctm ^ can be kept within 3% even up to a modulation per- 
centage of 90%, and in consequence the series modulation 
meth^ is vmy suitable where hig^ quality is required, oc 
where ^ modulation involves a wkto frequmoy spectrum. 

dktiortkai factor is defined w fcdlove : If a pure due moduletiig 
tone ii apifiied to the eppaiatne and toe oiri^t moddated wave analjraed, 
than toe peroentaisB distortion factor is ghren ty 

Boot sum square d hawneidq amiditndas 
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Series Modulation, Cathode-Follower System.^ We 
will now deal with the cathode-follower series modulation 
circuit, in which the modulator valve is at a H.F. potential 
to earth, one side of the H.F. circuit is earthed, and the modu- 
lating voltage applied between the grid of the modulator and 
earth and not between grid and cathode ; thus the modulating 
voltage is also across the load circuit. A simplified diagram 
of such a system is shown in Fig. 267, where F, is the series 
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modulator, and JS, represents the H.F. amplifier circuit whose 
equivalent resistance will be equal to a value 



The grid of the series modulator is fed from the anode of 
the valve Ft, in the anode circuit of which is a resistance B„, 
the value of this being made appropriate to supply the correct 
voltage to the grid of Fi. If the series modulator stage con- 
sists of more than one valve in parallel, thmi the grid of each 
valve will be tapped separately along this resistance so that 
eadi valve shares the load eqimlly. Between the cathode of 
Fj and eartii is inelnded a D.C. supply with positive to earth 
so as to increase the H.T. potential on this valve, and so 
allow Fi to modulate the mun anode potential 100% 
without running into grid current limitations. The grid of 
Fa is fed ' from Im orthodox resisianoe-oapaoity a.m piifVn» 
between grid and oarth. 
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Exammation of Eig. 267 indioates that the ourrents in the 
valves Vi and Fi vrill be in opposite phase, for when the current 
in F, is out ofi, the voltage applied to the grid of Fi will be 
the least negative (relative to its cathode), wh«»a8 a rising 
current through V, will cause a fall of potential on the anode 
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of F| and in consequence an increasing negative on the grid 
of F,. 

In order to explain the working of the oirottit clearly a 
daSnite case has been set out, the figures being l^en &om 
the Marconi 160 kW short wave broadcast transmitter as 
snifdied to the B.B.C, 

In this case the oarriw pownr to ^9 modulated is 160 kW, 
and if the amplifier is to be 9,600 volts, the carrier 
canent wiU be 16*7 amps. In order, theredioie, to (dttaia 
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100% modulation without distortion we have to arrange the 
series modulator so that we can obtain a peak current of 3'1'4 
amps without running into grid current. When the current 
is cut off, the modulator F| (which will then be passing full 
current) must not take grid current either. How this is 
accomplished can be seen by ezamining Fig. 268 where the 
characteristics of both valves Fj and Ft have been aligned one 
above the other so that the load lines can be directly correlated. 
From this figure it is observed that whereas the characteristics 
of F| are plotted in the usual way, namely as EJ[^ curves, 
those of Fi have been plotted to show the relationship between 
the anode current and the voltage between anode and grid, 
instead of anode-cathode. The reason for plotting them in 
this way, is that the voltage change between grid and anode 
is the same as that across the resistance and hence can 
be directly related to the cmrves of Fa ; whereas because of 
the resistance load included in the cathode circuit and the fact 
that the grid potential is across grid and earth, the relation 
between and in F^ is not so directly obvious. 

Examination of these curves shows that the positioning of 
the curves of Fi is such that the origin of voltage of Fi is 
exactly above the current cut-off point of Fa, sinoe at this 
point there is no voltage drop a(rross and in consequence 
across E^. We cannot work down to this point, however, but 
only to such a point that no grid cuiient fiows in Vi (the area 
shown shaded), indicated at Ce, this point being the peak of 
modulation. The limit at the other end indicated by Aa wiU 
be set by the Ef= 0 curve of the valve Fa, the excess voltage 
provided by E being sufficient so that the anode current of 
Fa can vary firom 31 ^A to zero, without running into grid 
current on either valve. The carrier setting will be indicated 
by a point half-way between these limits, shown at Bb. 

In order to indicate the actual voltages across the various 
parts of the circuit for the peak, carrier, and trough conditions, 
figures have been extracted from these characteristics and set 
out in diagrammatio fcrin in Figs. 269 and 260. In F%. 269 the 
figures placed hcyffW^en arrows indicate diffetrence of potentials, 
ai^%oresbytl^m8^vesindioatepotentialsaboveearth; It can 
he seen that the phtentials cm tl^ modulator Ft exceed those 
m the seriM nu^uliator Ft, sAthou^ of course there is a 
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power gain from the F, stage to that of Vy Figure 260 sets 
out the variation of voltage and cuiient with time for the same 
peak conditions, it being assumed that a sinusoidal voltage is 



Fiotma 2S9. 

epp lM to the grid of the modulator. These outvm show 
ctoar^ that the anode of the series modulator rmnains at a 
potential above earth and that the othmr ^tenti^ 
vary idatively to it, and to earth. The vdta^ ohangw, grid- 
eatiiode, grid-earth, cathode-earth all vary in phase with one 
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another and with the change of Of course, from the 
oonversion point of view this phase relationship is the same 
as that of an ordinary circuit, as the anode voltage and anode 
current are virtualiy in anti-phase, if we consider the cathode 
as a datum. It will be noticed that the changes of cathode 
potential are the same as those of the grid x>otential (relative 
to earth) both in phase and amplitude (nearly), hence the name 
cathode-foUower. They would be the same in amplitude if 
a very high-/4 valve was used. 

The inclusion of the load resistance in .the grid circuit means 
that there is no voltage magnification, but on the contrary a 



small reduction ; it is, therefore, equivalent to a 100% negative- 
feedback circuit, and as such it has a number of advantages 
where high linearity is desired, amongst the advantages being 
the following : 

(1) With a linear grid swing, non-linearity of the series 
modulating valves will have a negligible effect. 

(2) With a non-linear load the volti^ swings are still 
linear. 

(3) A variatum of load reristance over wide limits will not 
affect the modulator setring apineciably. This can be seen 
by ccmsidNing Tig. 268 where the load Ihoe.for a load of double 
the rraistanoe Tshie, shown at AJffC has been added. 

Other adyantages axe that A.C. l^hting for the series. 
nu>dtilatm oim be used without any hum rip|de appearing. 
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TariatioDS due to H.T. changes aie negl4;ible, and with 
paralleled modulators the removal of one valve wiU not alter the 
operation of the circuit. Actually it is probable that the future 
of such circuits will be more for low-power, high-linearity 
circuits than for high power. 

The foregoing discussions have been confined to the modula- 
tion of any single stage by anode modulation of that stage, it 
being assumed that the grid of the H.F. stage was supplied 
from a constant amplitude H.F. source. If such modulation 
is operative on the final power stage, the system is known as a 
high-power, modulation system. Observe that such a high 
power system will involve the design of an luunodulated H.F. 
amplifier and a low-frequency amplifier capable of handling, 
in its final stage, a power equal to that of the H.F. amplifier it 
is to modulate. 

We may, however, prefer to modulate at some quite low- 
level point in the intern. In this case the problem is different, 
as in all stages subsequent to that of the modulated anapMer 
we require t& amplify a H.F. modulated wave. In essence 
the problem is similar to that of a receiving amplifier except 
that we must keep in mind the fact that we have power to 
deliver, and not voltage as with the receiver, and therefore 
conversion efficimaoies of power stages will be important. 
Such a i^stem is called a low-power modulation system. 

Low Power Modulation. Consider a transmitter such 
as is shown in Fig. 168 (Oiapter If the input-output 
oharacteristio of any amplifier stage is considered, say stage 
No. 2, it is observed that input H.F. driving volts and 
output H.F. current have' a relation, as shown in Fig. 171 
(Chapter X), indicating a linear connection up to the 
fall driving conditions. The curves for Igp and efficiency 
against grid voltage swing are shown again in 261(and 264). 
Thus, if we set such an amplifier to the point A statically (Fig. 
261), thus making it a dass B amplifier, and drive it up to the 
point “ 0 ” by high frequency impressed on the grid (repre- 
senting the carrier condition), any modulation impressed on the 
input high frequeni^ will lead to modxilated high frequency 
in tike output, and if the input frequency is modulated between 
limits of OA, OB, we shall get a high frequen<^ output 100% 
modulated. 
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In the carrier condition, namely 0, the effi^ency of the 
amplifier stage unmodulated is but half the efficiency under 
full driving condition. Hence modulation jus achieved by 
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variation, not of anode voltage, but amplifier effioioioy, a 
p(fint which cannot be sbessed too much. 

This is shown in lig. 262 and 263, where the EJL^ curves 
of the amplifier ate diown, tmd tbe c 3 mho change voltage, 
cnnent and effid^t^, for sine modulation, Sig. 261 showing 
the ccmnet^on between the input modulated wave and output. 
KNMMfTve ^at at the peak ocmditions of modulation the anode 
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voltage and peak emission are those nonnal to a telegraph set 
driven at 70% effidenoy. 

A second point to observe is that the depth of modulation 
of one stage has no relation to that of the other. The input 
may be deeply modulated, and yet no modulation appear in the 
output. This would occur, for instance, if the stage was set 
too high in the carrier condition, as B, above. 

On the other hand, it is possible to obtain a 100% modulation 
of output even if the input has but shallow modulation. 
For instance if the amplifier is biassed very negative, say 
beyond the point A as shown, thus making it a Class C amplifier, 
and the input H.F. is increased to such an amplitude that it 
still drives the amplifier up to the same point “ 0 ” in the 



carrier condition, then only moderate control of this larger 
input (50% in the case shown) will still give full modulation 
of the amplifier output as shown in Hg. 261. 

To obtain the input H.F. wave modulated by the signal, we 
still need, of course, some form of control system on the 
previous stage, but, as explained, we need not employ 100% 
control at this stage. 

There appears to exist erroneous ideas concerning the over* 
all efficiency of low power eystmns. A comparison deduced 
from first principles indicates that both qratems have equal 
power efficiency. 

Referring to Figs. 26| and 264 it is dear that we ean 
oontMl the output m one of two ways: 

By varying the grid exdtation voltage in aoooxdtttoe with 
the inodnlKtk>n, keqEdiig the grid biiMioQOst^ or bykees^lg 
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the grid excitation voltage constant and varying the grid bias 
at the modulation rate as shown in Fig. 264. The former 
method has already been described, and the second method 
which we will now discuss can be carried out in one of two 
ways. 

Low Power Grid-Current Modulation. In this 
arrangement the grid bias changes are produced by introduc- 
ing as a grid resistance a valve as shown in Fig. 266. By 
varying the resistance of this “ valve ” leak at the modulation 
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rate, 4/he bias on the stage to be modulated will be changed. 
It is not a simple matter to obtain correct linearity by this 
method, but it is useful for certain classes of work and it 
has not the fi»quenoy limitation of the cholm methods. 

Low Power Grid-Voltage Modulation. D.C. grid voltage 
control is but rii^tly difierent. Instead of changing the grid 
bias by varying the resistanoe value in the grid circuit, the 
modulation is hnpressed atuoss a grid cirouit resistanoe, the 
voltage drop amnsstlm resistanoe due to modulation controlling 
the grid bias at the modulation fii^uenoy. 

' In Fig. 2B6ii 4 ai^ R represent ^ vidves of tiw last stage 
of a h^ fi^uenoy ampllto. ibududed in the DiC. grid 
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drouite of these valves is a resistance, B, which is of low vcdue, 
such that the normal grid current of the two valves produces 
a negligible negative static bias. Across the resistance, B^ 
is placed the modulator valve, M, and its anode supply voltage, 
both carefully insulated from earth. It will be dear that if the 
anode current of the modulator is large compared with the grid 
current of A and B, the voltage drop produced will be a function 
of the modulator valve feed and in consequence the negative 



twM produced on the H.F. valves will follow directly, ohai^;es 
of modulator feed. 

Thus if the modulator is set to the centre of its ohaiaoteristic 
in the quiescmt condition, application of the signal voltage 
to the modulator will create similar changes of amplifier grid 
negative bias. Provided, therefore, the initial bias is such as 
to set the H.F. amidifier to the centre pmnt of its output curve 
as pcevioudy ocplained, linear dumge of H J*. ou^t result. 

This system has been vary successful in dealing with higt 
modulation frequencies and has been used ftx a tdevid^ 
fransmitter having a freqosn<7 response up to two megapyoies 
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Cathode Modulation.* A popular system of modulation 
for small power sets, is the so-called “ Cathode-Modulation ” 
system, where the modulating EA1.F. is injected between the 
cathode and earth, the grid and anode circuits being rettuned 
to the earth side of the modulation system. The circuit of a 
cathode-modulated stage is shown in Fig. 267, where included 
in a conventional driven stage is a modulation transformer 
M ” with its secondary circuit connected between the cathode 
of the amplifier valve and earth, the primary being supplied 
from a normal push-pull modulator. 

Assuming the H.F. stage is being driven from a constant- 
amplitude source in the usual way, then the application of 



an A.C. modulation potential across the secondary of M 
will produce a voltage which will vary the cathode potential 
about earth. Or, if we consider the cathode as a reference 
point, then the common point of connection of grid and 
anode (namely B) will vary at low frequency as regards 
the cathode, so that as the anode voltage increases above 
the D.C. value, relative to the cathode the grid will be- 
come less negative, and as the anode potential falls the grid 
potential will go more negative. Thus such a type of control 
is a combinatirm of both grid and anode modulation, the amount 
of control being determined by the voltage supplied fr»m the 
modulator and the value of grid bias resistance, Fig. 267, 
provided. That is to say, we oen increase the propcsrtion of 
anode modnlaticm. relative to grid modulation by inoreashig 
the modulation voRage (add the sise of the modulatmr) ; and 
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mako^ Rf, and in ocmsequenoe negative bias, large. By 
reducing the grid bias a smaller applied modulating-voltage 
will have a greater control of the grid potential {tnd the system 
becotnes nearer to a low-level type. 

Claims have been made that it is possible to obtain a con- 
version efficiency as high as 50% with 100% modulation, and 
although it appears fairly easy to set up a oirouit to give such a 




%ure, examination of the wave form will indicate a consider- 
able harmonic content. Some ezpocimental figures obtained 
at the School of Wirelees Communicaticm at Chelmsford, 
indicated that to obtain a circuit with less than 2% harmonic 
content, it was not posable to get a conversion efficiency 
greater than 86% for 100% modnlatum although of course, if 
the modulatkm percents^ is reduced, and the circuit re- 
adjusted, the oonversimk effimancy can be in^eased. Fig. 268 
^kowB that a very linear telationshi|» betwem modulator input 
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and percentage modulation can be obtained, and it is found 
that under the maximum percentage-modulation condition, 
the modulation input power is but 10% of the output power. 
A small point to be obseiwed is that the driving volti^e needs 
to be about 60% of that necessary to drive the same amplifier 
stage as a Class C amplifier to full output, although the 
grid bias required is greater, being some six times the cut-ofi 
bias, as against the more normal value of 3*6. This means 
we are virtually operating the amplifier as a much under- 
driven, Class C amplifier. The fiirequency response of the 
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circuit is good, being within 1 db. over a frequency range from 
100 to 10,000 <^les, without any special precautions being 
taten, although it is found the load coupling is fairly critical. 

Suppressor-Grid Modulation for Pentode Amplifier. 
On page' 292 it was menticmed that one of the advantages of 
the pmitode amplifying valve over the tiiode was the ability 
to use a simple system of low-power modulaticm. This is 
carried out quite simply by the applioati<m of the modulation 
to the suppressor gridyi. Figure 269 shows the relationahip 
between suppsejssor-grid volts and output current from 

whidh it ta seen that with the suppressor grid somewhat positive 
full output is obtamed at a hi|^ oonversion effcbnoy, and as 
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the suppressor grid is made negative both output current 
and efficiency ffiU, there being a linear relationship between 
Eg, and over a considerable portion of the curve. 

Thus if we adjust the value of to say —65 volts for the 
carrier condition, we can sweep to zero volts for the peak of 
modulation and to —130 volts for trough, and obtain a linear 
relationship throughout. This can be accomplished by in- 
cluding in the suppressor grid circuit, see Fig. 178, page 296, a 
modulation transformer and the necessary bias supply in series. 



Eg3 VOLTAOB 


Fiaxma 269. 

The Negative Feed-Back Amplifier. The properties of 
an am plifier in which the output is coupled back to the input 
through an attenuating network, ihe feed-back voltage being 
in phase opposition to the input, were first investigated by 
Black. This arrangement, althouji^ reducing Ike gain of the 
amplifier, has many uses in low and high-fi»quenoy amplifica- 
tion, for the reduction of distortum Mid the improvement of 
the circuit linearity and as it has (xnne into extensive use in the 
modulated ampMeons of transmitters, it is proposed to explain 
the principle very bri^. For a fiiller explanation refmen* 
ces given at the end of the chapter diouH be consulted. 

Cknudder the drouit shown in Fig. 270, oonsisdng of an 
ampfifier having a gain /i, badc-oouplM through an attenuating 
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network — bo that fed back to the input. Both 

u and ^ will, in general, be complex quantities since there will 
be a phase change in the amplifier and in the attenuating net- 
work. We propose limiting the problem to cases where fu and 
P are simple numbers, indicating that no phase change is 
involved and the feed-back voltage is either in phase, or in 
anti-phase with the input voltage, the latter condition being 
the one in which we have most interest. 

Considering Fig. 270. 

We have : E^ — n Ej 

E^ — E, Ef, 
also E^ = pi?,. 

Hence, E^ — n {E, -}- p E^ 

(1 — mP) = M ■®»* 

% 
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The gain of the feed-back amplifier = 




( 1 ) 


■®* 1 ~ mP 

If the phase of feed-back is positive, and the loss through 
the attenuator equals the gain of the amplifier ^p =- the 


overall gain is infinity and self-oscillation will occur. 

If the feed-back voltage is reversed p becomes negative and 
hence 


the gain of a negative feed-back amplifier = -^ = - (2) 

•O', 1 + MP 

Thus whatever the value of p, the overall gain must now 
always be less than ft, and if p is hurge, the overall gain is very 
small and largely independent of ft. 

It is probably simpler to indicate the difference in action 
between a stndght amplifier, A, and a negative feed-back 
ami^lifier, to do the same work, by taking an example. 
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Let 118 suppose we have a 10 F signal and wish to amplify 
this to 1000 F for the purpose of modulating a transmitter. 
The dual stage of both A and B has to do the same work, and 
this stage introduces 10% distortion, giving an R.M.S. voltage 
of 100 F. 

Considering A, the amplifier must be built to give a gain of 
100, i.e. 20 dbs. 

To provide the same output fi:om the same input with the 
negative feed-back amplifier we shidl need an increased gain 
which is dependent upon the value of Let us take a value 
of O'OOO for fi. Then substitution in equation (2) shows 
that the amplification wiU need to be 1000. 

The increased amplification necessary is clearly a dis- 
advantage but this may be offset by some advantages now to 
be considered. 

Suppose that changes in supplies cause the gain of both 
amplifiers to change by 10%. The output of A is clearly 
changed by 10%, namely to 1100 but that of R is given by 


^ 1100 X 10 

• “ 1 -t- (0-009 X 1100) 


1010 F 


so that only a 1% increase in output voltage has occurred. 
This stabilising property of negative feed-back is of great im- 
portance in measuring apparatus and in rejieaterB for telephone 
lines. 

Let us now compare the distortion present in the outputs 
of A and B. For A this is 100 F. Let the value in R be 2), 
then distortion voltage applied to input is -OOOR and this 
gives 1000 X -0092) at the output stage, to be added to 
100 F produced there, so that 

2) = 100 - 92) 
or 2) = 10 F. 


Consequently, R produces much, less distortion if the final 
stage is the same as in A. Alternatively, if a 10% distortion 
is permissible, it may . be simpler and cheaper to build an 
mnplifier which in itself produces greater distortion mtd apply 
fised-badk to reduce it to 10%. 

If “ noise ” is produced in the final stage (for exam^ “ hum ’* 
due to 4»C. filaanent heating) then an argument similar to 
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that above will show that the output of noise from B will be 
1/lOth of that in A. In the case of noise or distortion pro* 
duoed in the input circuit of A or B, however, there will be no 
reduction in the output it produces in B. Noise or distortion 
introduced at intermediate stages in the amplifier, however, 
will give less output from B than A but the ratio wfil be less 
than one-tenth. 

It will be appreciated that since n and ^ are actually com- 
plex quantities, a given arrangement of feed-back which is 
negative over a range of frequencies may become positive for 
other firequencies. Careful design of the feed-back circuit is 
seen to be necessary, particularly when the amplifier has 
several stages. 

Since the magnitude of /3 will (in general) vary with fre- 
quency, the feed-back circuit can exert an influence (which may 
be considerable) upon the overall frequency/response curve. 

The presence of the feed-back connection across the output 
can also modify the output impedance in some cases. 

Circuits for Negative Feed-Back. So many arrange- 
ments are possible that only one or two typical ones can be 
mentioned. 

In. radio-frequency amplifiers, the feed-back frequently 
consists simply of a small condenser between appropriate 
points (for example, between the anodes of two successive 
stages). A simple arrangement for a single-stage amplifier 
deriving its grid bias from a cathode resistor is shown in Fig. 
271, where and form the bias resistor but only Rt ie 
shunted by the usual large condenser. The A.C. components 
of the anode current therefore produce volti^es across Ri 
(which are applied to the grid). Ci reduces the negative feed- 
back at the higher frequencies and hence keeps up the response 
at frequencies for w:hich it would &11 due to the characteristic 
of the amplifier alone. For the same reason, L improves the 
response at the lower frequencies. Thus the application of 
negative feed-back in this case has greatly improved the 
frequency /response curve, has reduced distorticm and made the 
amplificaticm obtained much less dependent upon supply 
voltages. 

Feed-back is sometimes applied to broadcast transmitters by 
reotifyiog a portion of the znodulated radio-frequency output. 
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thus eztraotiiig the modulation, and applying this to the modula- 
tion input (in the coireot phase to produce negative feed-back). 
Any distortion or “ hum ” introduced by the modulator and 
modulated amplifiers is thereby greatly reduced. 

The Ke 3 ring of Telegraph Transmitters. The particular 
problem of the keying of a telegraph transmitter for “ mark ” 
and “ space ” conditions is of course a special modulation 
problem. Since signal formation is of no real importance, but 
only a clear distinction has to be made between the “ mark *’ 
and “ space ” conditions, we do not need to use “ fidelity ” 
modulation equipment for such a purpose, but simpler circuits 
are possible. 
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The requirements for satisfactory keying of a telegraph 
transmitter may be. summarised as follows : No change of 
firequency due to keying; no radiation on “ space ” ; zu> large 
voltage surges, and no interference produced in neighbouring 
receivers tuned to a different frequency. 

To satisfy the first requirement it is necessary to key only 
final or the higher powor amplifier stages, and have the drive 
oscillator (also, preferably, the low power mnplifier stages) 
running continuously. 

Voltage surges will occur if the keying anwogements are 
such that the power drawn from the supply is very different 
during mai^ and space and if the power supply tqrstem cannot 
follow these changes with suffident rapidity without surging. 

Hiterfering ndses, termed key dicks,” may be heard in 
ndg^bouring receivers even thoigh these are tuni»i to quite a 
difiterant frequency from that of tlm transmitter. This is 
became the starting and stopping of radiation at the beginning 



MODULATION dROUITS 


426 


aad end of a murk is too sudden, so that the transient contains 
a great number of wide-spread frequency components. The 
remedy, therefore, is to adjust the ke 3 dng system so that the 
growth and delay is rapid enough to ^ve satisfactory signal 
formation at the distant receiver but not so rapid as to spread 
interference over a wide frequency-band. 

For the keying of low-power transmitters at hand speeds, 
very simple arrangements are satisfactory. Whoi an A.C. 
supply is used, for example, the Morse key may be placed in 
the primary circuit of the transformer supplying the receiver. 
Alternatively, the key may place a large bias on the grid of 
the amplifier valve. 

When high-power transmitters ue required to work at high 
speeds, more elaborate methods will be necessary, since the 
keying must be carried out by a light telegraph relay and 
surges and key-dicks will be much more serious. The keying 
arrangement adopted wiU be very dependent upon the type 
of power supply. 

If a hard valve rectifying system is employed, for example, 
then the regulation will be poor (that is, there is a large change 
in D.C. supply voltage when the load changes). Also, due 
to the large smoothing system, the “ electrical inertia ” of the 
arrangement is large and it cannot respond quickly to sudden 
changes of load. In such cases it may be necessary for satis- 
factory high-speed keying, to provide an alternative (absorber) 
load during spacing so that the load on the supply is constant 
and transient surges are avoided. 

The regulation of mercury-arc and hot-cathode, mercury- 
vapour rectifiers is considerably better and so is that of large 
D.C. generators. 

When the supply permits,, a simplified, partial-absarption 
circuit may be successfully employed. 

Absorber Keyed Circuit. The connections of an absorber 
keying circuit are sho'^ in Fig. 272. 

In shunt with the main supply is a valve the absorber 
valve, in whose anode circuit is a resistance B. From the 
bottom end of the resistance R, namely “ A,” the feed to the 
No. 2 ainpljfier is taken. 

On mark, the alworber valve is out ofi by i^ative on its 
grid, and thus the only current floimg through R is the feed 

'** 
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to No. 2 amplifier. This -will reduce the voltage to the anode 
of this stage, but if JB is not too large, sufficient voltage can be 
obtained to give full output firom this valve. If No. 2 amplifier 
is being driven from a previous stage, it will drive the No. 3 
stage, the latter giving fuU H.F. output and in consequence 
taking full feed firom the main supply. 

On space, the absorber valve is made conductive by the 
application of positive to its grid. The efiect of this is twofold. 
Firstly power is absorbed from the main supply, and secondly 
the feed, in passing through R, causes the voltage to No. 2 
amplifier to fall, and if the value of B and absorber feed are 
so adjusted, the volts supplied to No. 2 amplifier can be 
reduo^ to almost zero. Now if the No. 2 amplifier has no 



feed current, although it is still being driven, it is unable to 
drive No. 3 amplifier, and in consequence the latter ceases 
to give H.F. output, and if the valves are backed ofi by 
static negative bias they will cease to draw feed from the 
supply. 

Keying can be effected, then, by a simple change of voltage 
on the grid of the absorber valve, this voltage change per- 
forming the following operationa: 

Ma/rh ((?»--) 

(1) Absorber circuit cut off. 

(2) Volts supplied to No. 2 
amiffifier which dtivra 
No. 3 ampUfimr. 

(8) AmpHiBer No. 3 takes feed. 


iSjJoce {Oi+) 

(1) Absorber circuit takes 
feed.. 

(2) No. 2 amplifier out off. 


(3) No. 3 antmnatioalj^ cut 
off and takes no 
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The correct adjustment of an absorber circuit is one which 
maintains constant voltage of supply on both “ mark ” and 
“ space ” and if the supply has a bad regulation tbio means 
obtaining exactly equal total feeds ; whereas if the regulation 
of the supply is good, the space absorber feed need not be so 
large. 

With such a system, although the power keyed at the ab- 
sorber grid is small, it is by no means negligible on large power 
sets, and if really high speeds are desired a sub-absorber 
valve becomes necessary. This is virtually a stage of resistmioe- 
capacity amplification, the keying on the sub-absorber operating 
on the main absorber in opposite phase. Thus, for space, 
the sub-absorber valve is made positive and on mark, negative. 



This absorber system, whilst it appears a very elaborate 
method of keying, is fully justified by the results it has given, 
and transmitters of the greatest power used can be keyed at 
the highest speeds. The only key necessary is a light form of 
telegraph relay which can be operated by the incoming 
telegraph-line cturent direct, and as a matter of interest it may 
be recalled that during the Post Office acceptance tests of 
tbe Grimsby Beam Station transmitting to Australia, speeds of 
over 360 words per minute were maintained over long periods. 

Partial Absorber Keying. This method utilised the main 
amplifier valves as absorbers during spacing, the feed then takoa 
by them catting ofi a preceding amplifier in the usual way. 

One method of acoomplMing this may be seen referring 
to Jig. 273, ffiom which it is observed ttud; there is a resistance 
between cathode and negative H.T. of the last two amplifying 
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stages (marked No. 2 mag.” and “ No. 1 mag.”). The keying 
relay leaves this resistance in circuit during space but shorts it 
during mark. During space, therefore, the feed of these two 
amplifiers flows through the resistance, thereby providing 
self-bias but also providing sufficient grid bias to the stages 
marked “ No. 4 BR ” and “ No. 6 BB ” to out them off. 
Hence the last two stages are not being driven, there is no 
output firom the transmitter, and these stages take a static 
feed of value depending upon the tapping on the keying 
resistance. 

Since the feed of any given valve operating under Class C 
conditions can be considerably greater than its static feed it is 
clear that a keying system of the type described can only 
absorb a small proportion of the total power. This means 
that unless the regulation of the supply is reasonably good, 
voltage fluctuations will occur in the set causing possible 
breakdowns and frequency scintilation. 

Frequency Modulation. It has been explained that 
firequency modulation is sometimes adopted as an anti-fading 
device for telegraph sigiutls. One method of applying fre- 
quency modulation is as shown in Fig. 274, this being the 
arrangement adopted on telegraph transmitters employing 
the Franklin master oscillator. LC represents the oscillatory 

circuit of the drive, to the uiduc-_ 
tance of which is coupled a plate 
Ca having a very small capacity 
to the winding. This plate is 
connected to earth through a 
diode valve Fi and it is clear 
that any variation of feed throng 
the diode will vary the earth 
capacity efieot of to the in- 
ductance, and this in turn will 
vary the frequency of the master 
oscillator. Fig. 275 gives an 
idea of the relationship between diode and frequency 
dbange, firom which it is clear that if we wish equal changes in 
anode current to produce equal dianges in frequency we must, 
set tire diode mi the shn^t part of the curve (0, say), by 
aupi^yitig a D.O. potent. The steepneae and sfraightai es s 
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of the curve conneotin^ frequency shift and diode cuiient 
depends largely upon the position of along the inductance. 

The source of the modulaldon is a note oscillator of frequency 
/„ the output from which is applied to the diode oirouit (see 
Kg. 274) so that the diode current is varying at a frequency of 
/, about the mean value. 

Hence the frequency of the 

master oscillator is made ^ — 1 

to vary between certain u 

limits f, + fn and 

the change occurring / zoo -p 

times a second. | y 

The frequency chan^ . 

/„ will evidently depend loo-i— y/T 

upon the amplitude of the | y' i 

voltage applied from the c j 

note oscillator since this I I 

t’O ' 2*0 3*0 

determines the amoimt of 
variation of diode current 

and the position of the tap FiauMt 276. 

T will, therefore, control the value of /„. 

It should be remarked that as the master oscillator frequency 
will be multiplied, any frequency variation impressed on it 
will also be multiplied the same amoimt, but the rate of 
variation (the modulation) will not be multiplied, and this must 
be allowed for in setting up the drcuit. Generally speaking 
the frequency variation finally required is rather more than 
the modulation. 

A telegraph transmitter employing frequency modulation 
will be keyed in the normal way in a stage subsequent to the 
master oscillator (usually by the absorber method) so that the 
transmitter is still working on the principle “ full radiation on 
mark ” — “ no radiation on space,” but the radiation on 
” mark ” takes place on a small band of frequencies. 


DtOOC Ficeo. 
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CHAPTER XIV 


FBOBLEMS 07 BBOBFTION 

Thb various classes of traffic (as indicated below), which 
may have to be handled by a receiver, show the variety and 
complexity of the general problems of design. 

(а) Broadcasting. 

(б) General purpose tel^aph and telephone reception by 
a skilled operator. 

(c) High speed telegraph signals for relaying and record- 
ing at a Central Telegraph Office. 

(d) Telephone signals suitable for linking together the 
public telephone networks of various countries. 

(e) Television. 

Generally speaking receivers evolved for duty in any one of 
the above mentioned groups will only be suitable for that 
particular purpose and it is not an economic proposition to 
develop a universid type of receiver. 

In all receivers, the following are desirable features : Ecee- 
dom from noise, selectivity, fidelity, sensitivity, and ease of 
control. How near the receiver approaches the desired ideal 
will depend upon the purpose for which the receivmr is to be 
used and upon any economic considerations which may 
imposed. For instance receivers in (a) and (e) are for enter- 
tainment purposes and must have high fidelity, a very simple 
system of control, are oftmi required to work with any aerial, 
but they need have only low sensitivily as they will work from 
high field strength levels and probably in noisy localities. 
Receivers in (6) will have to be capable of quick searching, and 
even in the present state of the art will often have to work with 
simple transmitters which are not too constant in frequen<^. 
Sc^tivity may have to be h%h or loir ai^ as both telegraphy 
and telephony may be used, methods of controlling selectivity 
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are desirable, and a quick change from a limiting to an auto- 
matic volume control is necessary. Evidently the require- 
ments of (e) and (d) are very exacting and the nature of the 
services so important that elaborations are here admissible 
which would be out of place in the other groups. Some further 
discussion of receivers suitable for (6), (c) and (d) will be fotmd 
in Chapters XV and XVI, although we shah deal here with the 
principles on which they are built. The peculiar problems of 
(e) are in providing the very large band-width necessary and in 
keeping down phase distortion. 

Although we assume the reader to be familiar with the 
ordinary principles of reception we propose to give a prelimin- 
ary survey of the problem, describe the outline features of the 
three prominent typed of receivers uysed, namely “ Straight,” 
“ Super-rugenerative,” and “ Superheterodyne ” ; and then 
to call attention to features which are important in short 
wave and ultra-short wave work. 

Noise. Noise may be produ<^ by causes which are exter- 
nal to the receiver or internal. Atmospheric interference 
with reception has already been discussed (page 119) and it 
has been pointed out that interference is caused on aU 
frequencies, though the amplitude of the higher-frequency 
components coming within the short-wave band is much smaller 
than those in the long. Since all frequencies are present, it 
follows that the wider the band-width of the receiver the more 
energy wiU it pick up from the atmospheric disturbance and 
thus it is essential to design the circuits such that they do not 
employ a greater band-width than necessary. External noise 
in the form of “ map-made ” interference has also to be con- 
sidered in most situations and is worse the shorter the wave- 
length. All arrangements which produce sudden changes of 
current, especially if the diange is accompanied by sparking, 
may produce the radiation of electromagnetic waves. Such 
waves will be heavily damped and may th^fore be cimsidered 
as a wide band of frequmoies, the mean frequency (or fre- 
quencies) being determined by the efiective inductance and 
capacity associated with the ccnmeoting leads to the apparatus 
prodaoiDg the disturbance. Interference due to sparking 
brashes in a motor or similar causes can ustually be reduced 
to iaoffrasive proporUcms at the source by the fitting of a 
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condenser, or a oondenser-resistanoe unit across the motor 
terminals of sufficiently low H.F. reactance to mahe the pro- 
duction of an H.F. voltage practically impossible. The 
B.8.I. have recently suggested standard methods for measuring 
the interference produced by small motors and propose to 
issue a distinguishing mark to electrical apphances the inter- 
ference from which is below a certain value. 

When a receiver is supplied from the mains, low and high 
frequencies may be brought into the receiver by way of the 
mains and the incltision of filter circuits in the supply may be 
necessary. In cases of bad sites it may be desirable or even 
necessary to move the aerial to a favourable position and con- 
nect it to the receiver through a screened feeder, the improved 
signal/noise ratio outweighing the attehuation introduced by 
the feeder. 

A powerful source of interference is that doe to motor car 
and aircraft ignition equipment. This has the elements of a 
heavily-damped, spark transmitter and the electrical constants 
of the high-tension leads employed makes the interference most 
severe on wavelengths of about 6-7 metres. When wishing 
to use a receiver on any frequency in a caur or aircraft, some 
form of suppression will be necessary. On aircraft engines 
this problem has been solved by the complete screening of 
all ignition leads right up to the engines and including the 
sparkling plugs and the bonding of the so-called screening 
harness according to a definite plan. 

Internal Noise.^ If all sources of external noise could be 
eliminated, th^ woidd still be noise generated in the receiver 
itself and thereby setting a limit to the weakness of incoming 
signal which can be handled if a satisfactory signal/noise ratio 
is to be obtained at the output. Assuming q>urious noises 
due to faulty components, valves, batteries, etc., to be elimin- 
ated there will still remain what is known as circuit-fluctuation- 
noise. This includes . 

(a) Thermal-agitation noise. 

(b) Shot effect and flicker effect. 

Tfamrmal'agitaticai noiw is due to the movements of the 
electrons in the material of which the circuit is constructed. 
This results in the production a very small voltage across 
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the circuit, having components at all frequencies. The 
magnitude of the thermal'agitation voltage across an impedance 
is proportional to the resistance component of the impedance. 
While this efieot takes place in all the circuits, the only im- 
portant case is that of the tuned circuit preceding the ampli- 
fying stages m a high-gain receiver. In the case of a super- 
heterodyne receiver, if the initial radio-jfrequency, or signal- 
frequency as it is often called, tuned circuit is brought into 
tune with the rest of the receiver a pronoimced increase in 
output noise should be heard, this being a measure of the 
sensitiveness of the receiver, and also of the extent to which 
other sources of noise have been eliminated. The fluctuation 
voltage produced across a given cironit remains constant with 
time, and is used in some measuring equipment as a means for 
adjusting the apparatus to give a standard ampliflcation. 

Shot eflect is the noise introduced by the valve, due to the 
random arrival of electrons from the cathode which means 
that the anode current is not continuous. As with thermal- 
agitation noise, shot effect is only important in the first 
valve. 

Selectivity. The curve connecting output with firequenoy 
in an ideal receiver would be rectangular, that is, all the 
frequencies comprised in the wanted signal would be passed 
throu^ the receiver with relative amplitudes unchanged and 
all unwanted firequencies would be rejected entirely. 

Another way of expressing this would be to say that the 
energy level is constant throughout the pass-band and that 
for aU fi:equenoies outside this the energy level is down by 
an infinite number of decibels. 

This ideal cannot, of course, be attained and an actual 
curve might be as Fig. 276 (inroduced by a pair of over coupled 
circuits). The selectivity may be [specified in the following 
manner : State the pass-band (/,) and the variation of level 
that may be permitted (a^ db.). Specify the drop in level 
(a, db.) at a frequenqr (/,) sU^tly outside the pass-band. 
The greater the difference between o« and and the less 
the difference between /« and fp the better will be the circuit 
charaoteristio. For example, in a commmrcial telephone xecmver 
the valnes of the variables would be of the mdm; of » 6 ko/a. 
Op s* -6 db. /, ~ 7-6 ko/s. Of = “”80 db, ovnaU. 
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In the case of commercial leceiTers of high grade, such seleo< 
tivity would be obtained by groups of oyer-coupled tuned 
circuits, but in the simpler class of receiver we would have to 
be content with a less elaborate circuit givmg an inferior type 
of selectivity as shown dotted in Fig. 276. 

Fidelity. As was mentioned in Chapter I, the ideal 
receiver should impart no kind of distortion, i.e. amplitude, 



phase, or harmonic. In audio-frequency work, phaaA dig. 
tortion is of no consequence but it must not be allowed in 
television ; a certain amount of amplitude distortion can be 
permitted as the ear and eye is not very sensitive to change of 
amplitude, but harmonic distortion must always be avoided, 
as this generates new frequencies which are quickly noticed. 
Low harmonic distortion entails careful desi^ of the detector 
stage (d the receiver, and the audio-frequwcy cfrouits. It will 
be appreciated that the fidelity of a broadcast receiver must be 
high and, therefore, not more variation of level than 2 db. can 
usually be permitted throughout the pass region ; in receivers 
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f<nr oommeroial telephony variations of level of 6 db are usually 
permitted. 

Sensitivity. Receivers designed for different duties will 
differ widely in the sensitivity. Broadcasting stations on the 
normal broadcast wavelengths provide a very high level of 
field strength within their service areas, and because broadcast 
receivers often work in locations where there is much electrical 
interference, high sensitivity should not be necessary and may, 
in fact, be a disadvantage as it encourages the use of 
very inefficient aerials with a resulting poor signal/noise 
ratio. 

In the case of receivers for oommOToial services, because of 
the reducti(m of power of commercial transmitters to the 
barest minimum, the design calls for the highest possible 
receiver sensitivity, necessitating a careful choice of site, and 
circuits with a low internal noise level. 

Ease of Control. Apart firom a commercial receiver, 
where the same station will probably be worked for hours at, a. 
stretch and where the high overdl performance justifies some 
elaboration of manual controls, the average receiver should 
have as few manual controls as possible, particularly so in the 
case of a broadcast receiver. Where automatic controls 
replace manual they should give results at least equal to 
those which can be achieved by a skilled operator. Auto- 
matic gain control, that is, the control of the overall gain 
of a telephone receiver so as to keep the output constant when 
the input varies, is greatly superior to any manual control of 
volume. Other forms of automatic control which are coming 
into wider use, are : automatic frequency control which aims 
at keeping the receiver in tune ; and automatic selectivity 
control which is designed to keep the pass-band to the minimum 
width neoeraary for the signal being received. 

We will now discuss the three types of receivers previously 
mentioned. 

The Tuned Radlo-Frequenqr Receiver usually called 
** Straight” This type of receiver has one particular 
advantage, it cannot create interfisring sigiuds, and whistles 
in the output can only be created by two carriers oonnug within 
the audio friequmu^ range. It has a number of disadvantages 
hotraver : 
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(1) Each tuned oirouit needs its own wariable condenser, 
and difficulties of ganging limit the number of stages 
possible where simplicity of control is wanted. 

(2) The amplification of any stt^e is dependent on the 
resonant-frequency impedance {Z=L/CR) of the 
tuned oirouit in the anode of ea<ffi valve. Owing to 
the large variation of C over the tuning range the 
resonant impedance (and amplification) vary con- 
siderably. Thus sensitivity is low at the low frequency 
end of the range increasing to the high frequency. 

(3) Attenuation at a given ofi-tune frequency is propor- 
tional to Q/f. Since Q changes but little, attenua- 
tion is rougldy inversely proportional to frequency, 
and the selectivity falls as the carrier frequency rises. 

Poor sensitivity and selectivity can to some extent be cor- 
rected by the use of reaction, usually at the detector stage, 
but since a selectivity ovarre with a sharp peak is produced 
thereby, it is then unsuitable for broadcast reception, but may 
be suitable for general purpose work in the hands of a skilled 
operator. 

This type of receiver has a certun vogue, is used by the 
amateur experimenter for quick searching and the type has 
also been used for television reception. Its success in this 
field is largely due to the fact that the tuning frequency is 
fixed, since only one station is to be received, a wide pass band 
is required for the vision, and interfermice due to oscillator 
harmonics (such as are produced in the super-heterodyne) 
completely absent. Otherwise it is not a good receiver for 
short-wave work because both selectivity and smisitivity are 
low. Sensitivity is low because this depends on the impedance 
of the anode tuned circuits ; and because of the high minimum 
capacitance of the oirouit, the tuning coil on short waves is 
very small. This means, of course,- a low anode impedance, of 
the order of only 20,000 ohms cp 80 metres say, as against over 
100,000 ohms over the medium wave band. Apart from this, 
sensitiyity is limited by the low input-impedance of the valve, 
which may be comparable with that of Ihe oirouit. This is 
mainly due to feed-back of voltage firom the oathode lead 
induetanoe into tiie grid oirouit throqgh the grid-oathode 
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oapaoitanoe, the feed-back volta^ being in phase opposition 
to the input voltage. As one approaches the ultra-short 
wave band electron transit time causes a lag in the control of 
grid voltage on the electron stream, and this lowers the 
grid/cathode resistance and therefore adds to the damping 
of the timed circuits. 

Selectivity is poor as well, also due to the unfavourable 
L/G ratio of the tuned-anode circuits used ; thus 10 ko/s 
off time may give a ratio of 6 x 10~* at 20 Mc/s, as compared 
with only 10“* at 1 Mc/s. 

A typical circuit for a “ straight,” battery-operated receiver 
is shown in Fig. 277. The radio-frequency, tetrode stage usually 



has but little amplification, and serves mainly as an isolator to 
prevent reflection of aerial impedance variations into the 
detector tuned circuit, and to reduce re-radiation when the 
detector circuit oscillates. Both aerial and valve are tapped 
down low on Hie first tuned circuit so as to improve selectivity, 
mid the aerud being of low impedance is usually tapped at a 
lower point than the vidve. Also since tlw aerial is not tuned, 
its impedance will vary ov«r the wave-range, and by tapping 
it low down, this variation does not inflnenoe the rest of the 
circuit to any extent. The detector valve is of the tetrode type 
because of its high gain, and its low anode-grid capacitance 
reduces anode damping tm the grid tuned circuit. For the 
iMHrmal alKurt wave leofavor, the variable condensers will have 
a maarimum value of only about 100 /u^F as, idthough suih. small 
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oond^isers restrict the timing range for a given coil, it enables 
the impedance to be kept high and reduces the variation of 
sensitivity and selectivity over the vrave-range, this being 
covered by groups of coils. 

Smooth control of reaction is difficult to obtain on short 
'waves but is very essential to a successfiU receiver of this type, 
since it -will be most mnsitive for telephony reception when it 
is just free from oscillation, amd for C. W. telegraphy when it is 
just oscillating. In the circuit sho'wn, the detector grid leak 
is returned, as usual, to the positive side of the filament battery 
and reaction is provided by parallel feed-back coils in both 
filament leads, the reaction being varied by adjustment of the 
screen-grid potentiometer B,. 

Super-Regenerative Receiver.* Suppose an oscillating 
detector to be adjusted so that it is on the vwge of oscillation. 
■A small signal voltage applied to thh grid 'will now “ shock ” 
the unstable arrangement, emd oscillations 'will commence 
which 'will build up to the maximum amplitude permitted by 
the valve constants. It follows that the anode current has 
been changed considerably by a small change of grid volts — ^in 
other words, the arrangement is a very sensitive type of 
“ trigger ” relay. 

Although the final amplitude to which the oscillation would 
grow is determined only by the valve, the rate of rise is pro- 
portional to the amplitude of the input signal and inversely 
proportional to the value of the tuning inductance. 

Such an arrangement would not be capable of reproducing a 
signal, howe'ver, because the oscillations once started would 
not cease at the conclusion of the signal, since the effective 
resistance of the circuit is negative. 

Armstrong showed, however, that if the resistance of 
the drouit could be varied periodically (at a frequency 
considerably lo'wer than the signal frequency) between positi've 
and negative values, then very large amplification could be 
produced without distortion of an incoming modulated signal. 
Fluctuation noise 'will also tend to build up in such a circuit 
with the result that a hissing sound will always be heard in 
the telephones. 

It 'Will 'be eyident that if telephony is being received, the 
quenching frequem^ must be above the audible limit. The 
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greater the difieienoe between the quenching frequency and 
the signal frequency, the greater is the amplification, because 
the signal has a greater time to build up to a greater value 
during the half cycle of the quenching which makes the 
resistance of the circuit negative. The super-regenerative 
principle is therefore more statable for high than low frequency 
reception, and in fact is almost confined to ultra high- 
frequency work, for which compact, senative receivers can be 
designed. 

The super-regenerative receiver has a high noise level and is 
therefore only suitable for “ commercial ” quality reproduction. 
It is un-selective, and it is not possible to insert tuned circuits 
before the oscillator in order to increase selectivity. If this is 
done, it is found that the tuned circuit has large oscillations 
set up in it when the super-regenerative circuit has negative 
resistance, but these oscillations carry on when the quenching 
is applied, and set the super-regenerative circuit oscillating 
again when the quenchmg is removed, irrespective of whether 
the original signal has ceased or not. Of course, this effect 
could be prevented if a perfectly “ non-reversible ” coupling 
could be devised between the tuned circuit and the super- 
regenerative circuit. 

At the present stage of ultra-short wave development, 
however, this lack of selectivity is advantageous, as it 
facilitates searching for a station in the enormous (and not at 
all crowded) frequency band involved. 

Fig. 278 shows the circrut diagram for a suitable super- 
regenerative receiver for ultra-short wave work. The aerial 
is connected through a screened feeder to ti^ closed LC circuit 
by means of a variable mutual coupling, the adjustment of 
the latter providing a sensitive control of ognal strength. 
The triode valve Ft is the supra-regenerative detector, and the 
triode valve Fg the quenching valve. The grid leak of the 
detector is returned to the positive side of the filament, and the 
“ Hartley ” type osoQlator is controlled jby the condenser C 
and the detector anode voltage (by JB). This type of drouit 
is simple and free from t^uxious resonances which nuty cause 
squeggers. For the best results and to keep the noise level 
to a minimum, the coil should have a hi^ Q value so that 
minimum reaction is neoeesazy. The quenching voltage is 
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injected into the anode circuit rather than the grid as it has 
b^n found this gives more stable operation, the quenching 
circuit being an ordinary back-coupled oscillator at a frequent^ 
of 20 kc/s, a value low enough not to reduce sensitivity and 
cause whistles, but high enough to allow of ea^ filtering in 
the audio'&equency stage. 

The Super-Heterodyne Receiver.^ This system has the 
advantage that nearly all the amplification may be provided 
at a fixed frequency, thereby reducing adjustments and 
simplifying the design of the amplifying circuits. The band- 
width of the receiver may also be kept the same over the whole 



wave-range for which the receiver is designed, this being diBEicult 
in the “ straight ” receiver. 

In the super-heterodyne, the desired carrier frequen<^, 
tc^ther with a local-oscillator frequency, is applied to a 
firequency-changer valve which produces in its anode circuit 
components of the sum and d^erence frequencies of the two 
oscillations. Either of these fcequmxcies, which carry the 
modulation, may be selected by suitable filters, although the 
difierenee-fcequeney is always chosen, and amplification and 
seleotkm after the frequency-changer will thus be carried out 
at a fixed frequem^ known as the intermediate frequency 
(I.F). 

A consideration of Fig. 279 will show that the same selectivity 
can be imi^rted to a reoeivmr by one or two stages tuned to 
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the I.F. as by many tuned to the radio frequency (R.P.). 
Curves (a) and (6) ate for two circuits having equal damping 
but tuned to R.F. of 10 Mc/s and an I.F. of 200 kc/s 
respectively. When the curves are combined it is seen the 
overall selectivity is very high. 

Sufficient tuning at the R.F. must be provided, of course, to 
ensure that the “ image frequency ” or “ second channel 
interference is cut out ; that is, an unwanted frequ^cy having 
a frequency differing from that of the wanted carrier by twice 
the I.F. must be rejected before passing to the fi»quency- 
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changer, which would be unable to differentiate between it and 
a wanted signal. 

The choice of I.F. to use in a receiver is governed by the 
following considerations. A low I.F. makes it easier to {uoduoe 
a very selective receiver but more R.F. tuning is required to 
eliminate the image frequency, whilst a very hi^ I.F. will 
make the provision of the necessary amplification more difficult. 
The use of a low I.F. makes it more difficult to xnevent inter* 
action between the beating oscillator and the signal tuned 
dronit, and for a gratmral purpose oinmit an I.F. of about 450 
k/os is usual. 

In a firequency-changing system mtorfrirenoe can be caused, 
by the interaction of the hMinonios the frequou^ beating 
togetibor, owing to the frkct that the frequency-changing valve 
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must liAve asymmetrical characteristics aad therefore produces 
harmonic distortion. Such interaction (which may result 
in audible whistles) is reduced by the first circuit tuning, by a 
careful choice of the I.F. -and by not allowing the oscillator 
amplitude to be too large. 

The super-heterodyne lends itself to automatic control of 
volume, tuning, and selectivity. It is, therefore, in many 
ways superior to the other types of receiver, its only imdesirable 
feature being that just mentioned, namely, its ability to pro- 
duce unwanted audio frequencies through the frequency- 
changing system. 

A description of a super-heterodyne suitable for commercial 
work is given in Chapter XV, but in Fig. 280 is shown the 



radio-frequency and frequency-changing circuit of a simple 
type suitable for a general purpose receiver. One stage only 
of radio-frequency is shown using an aligned screen-grid valve, 
and the frequency-changing valve is a triode-hezode. One of 
the difficulties in designing a super-heterodyne for short waves 
is that at high radio frequence, the ratio between osoiUator 
and incoming frequencies decreases, and interaction between 
the two circuits becomes greater. This may be due to inter- 
etectrode capacity or electron stream coupling. This has two 
effects ; it causes the R.F. circuit to refiect a resistance and 
reactance compcment aor<»s the oscillator drouit, the first 
affecting oscillator amplitude, the second (woillator tuning ; it 
causes' an oscillator voltage component to appear across 
the, R.F. 'drouit, and as this is usually out of pha^ with the 
osoifiator dectrode voltage it x^uoes the effective osdUator 
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voltage applied to the frequency changer. In the heptode 
ftequency-c h a n g ii^ valve, where the oscillator electrode is 
nearest the cathode, electron coupling has the same kind of 
effect but it is opposite in direction to that exercised by inter- 
electrode capacitance. At one particular ficequency and set of 
operating conditions electron coupling may be completely 
cancelled by capacitance coupling and a condenser of 1 nnF is 
sometimes connected externally between signal-frequency and 
oscillator electrodes to reduce this coupling effect over a range. 
In the hexode type of valve, this type of electron coupling is 
almost absent because the conixol grid is nearest the cathode, 
but there is another effect whidb must be allowed for. Here 
the oscillator ventage repels some of the electrons with sufficient 
velocity to be collected by the control grid when its volti^ 
has the least negative value, The frequency for which favour- 
able conditions for the coUection of electrons arises increases 
with increase of signal frequency, so that a bias of about — 2-5 
volts may be necessary at 20 Mo/s to prevent grid current 
whereas only about —0*6 volt is necessary at 1 Mo/s. 

The selectivity of any radio-frequency tuned circuit follow- 
ing the first valve should be high, not only to remove the image 
signal but to prevent noise side-bands and undesired signals 
beyond audio range of the desired carrier from reaching the 
frequence-changer, where they can combine with the oscillator 
or its harmonics to jaroduce interference frequencies. 

For the oscillator either a “ Hartley ” circuit or a tuned-grid 
is used. Such circuits are easier to maintain in oscillation 
over a range of frequencies than a tuned anode circuit and they 
give constant output. In the tuned-grid oironit ti ght coupling 
between feed-back and tuning coil is essential in order that the 
feed-back inductance should not' approach the inductance of 
the main tuning oofl, as if this occurs squeggering and blind 
spots result at high frequencies due^ to resonance of the feed- 
back coil and stray capacitance. It is usual to interleave the 
turns of the feed-back and tuning coils. The toadeUcy to 
squegger can be reduced by using a low value of grid leak (not 
greater than 60,000 ohms) and grid condenser (not greater 
than 60 nftF) and a resistance of 60 ohms is often induded in 
series Tdth the osdllator-valve g^d to reduce osoillatkm 
amplitude at hi^ frequencies. The oscillator section of the 
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valve should have a high mutual oonduotanoe so that feed- 
back may be reduced to a minimum. It is because the coupling 
of oscillator to signal frequency needs to be weak that a 
separate valve is often used for the oscillator instead of the 
combined frequency-changer. 

On short waves image rejection becomes a difficult problem, 
and can only properly be solved by increasing the numbm- of 
E.F. turned circnits, or by raising the I.F., or by employing the 
double super-heterodyne principle. In the last case a high 
I.F. is first employed, followed by a seccmd frequency-changer 
and a lower I.F., but (except on ultra short waves), this arrange- 
ment is only usually employed for telegraph receivers. 

In the case of short wave broadcast reception, the desired 
radio frequencies are limited to narrow frequency bands at 
specified points in the short wave range, and some receivers 
developed for broadcast purposes have what is known as band- 
spread tuning, which as its name implies, is designed to spread 
each of these narrow bands over the tuning capacitance range. 
This is achieved by the use of padding condenses which 
restrict the tuning range of the variable condensers. 

A Special Type of Super-heterodyne Receiver. A 
super-heterodyne type of receiver employing an intermediate 
frequency higher than the signal frequency has been developed 
under various names, including " Infiradyne ” and “ Single- 
Span.” The object is to reduce, or eliminate altogether, the 
necessity for adjustable tuning at the M gnal frequency by mak- 
ing the image frequency very different from the required signal 
frequen<y. The method is difficult to apply to short waves 
because of the very high frequency osdllator and intermediate 
frequency amplifier required, but has been employed by the 
British Post Office in the construction of a “ Quick Search ” 
receiver for shmrt wave, telegraph tn^o frrem ships. Rapid 
searching over a very wide frequency band is essential fx this 
service, and yet considerable selectivity is required when 
taking traffic. 

Suppose the receiver to be required to receive up to 26 mega- 
cycles, tibie first intmnediate frrequency amplifier might work 
at 30 megacycles, the first oscillator then having a range of 
30 to 00 megacydoB. The image frreqimney js now 60 mega- 
Cydes removed fieom die s^pel frrequen<y, and hence the 
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input circuit may be a single, highly-damped, resonant 
circuit to provide a reasonably efficient input arrmigement 
without critical timing adjustment. The amplification at 
30 megacycles will, of course, be small and it will therefore be 
necessary to change the frequency again to a much lower value 
and provide further amplification at this frequency. 

Ultra-Short Wave Receiver for Television. When 
designing a super-heterodyne receiver for televisicm on 
U-S.W. certain special features must be noted. Television 
transmission in England is carried out at two U-S.W. carrier 
frequencies, the vision at 46 Mo/s and the sound at 41*6 Mc/s. 
For the proper reception of these by super-heterodyne great 
care must be exercised in the selection of the intermediate 
frequency as vision and sound inter-action and I.F. hiuiuonio 
interference is liable to superimpose patterns on the televisicm 
screen. The TninimiiTn value of I.F. is determined mainly by 
the frequency separation between sound and vision carriers 
and it must be outside the range of possible direct interference 
due to inter-action between the two transmissions at the 
firequency changer. If the two carriers only are considered the 
IJ*. most exceed 3*6 Mo/s and if we take into account the 
vision sidebands extending 2 Mc/s on either side of the 
carrier, it must be greater than 6*6 Mc/s. Harmonics of the 
I.F. may be produced at the detector and fed back to the' R.F. 
stages. The I.F. must therefore be chosen so that inter- 
action of its harmmiios with the oscillator at the frequency 
changer is outside the range of the I.F. amifiifier. For example, 
if we have an I.F. of 6 Mc/s, the possible interfaring harmonics 
are the 7th and 8th, namely 42 and 48 Mo/s, but these inter-act 
mth the oscillator to produce I.F.’s of 2 and 3 Mc/s, both of 
which are sufficiently far outside the pass-band of the I.F. 
amplifier. There is a choice of about four possible IJ!, fre- 
quencies, 6*9, 8*2, 10, and 13, wh^ interfermioe is likely to 
be least. 

The I.F. stages may consist of single resonant circuits tuned 
to the same frequency and damped to give tiae required band 
width, or pairs of over-coupled, dimp^, toned circuits, or 
ci damped, zes^mant mrcuits staggered in tuning. 

Maxinrom stage gam, as has bemt exphdned, is obtained wi^ 
tiie maximum L/0 ratio, and rids is determined by the sfray 



PROBLEMS OF RECEPTION 


447 


capacitance of the circuit components, On these ultfa-short 
waves inductance trimming will be preferred to capacitance 
in order to keep up the highest possible L/C ratio. 

Pairs of over-coupled circuits give the better band-pass 
effect, and although there is a loss of amplification as compared 
with single tuned circuits of similar constants, this is offset 
by the fact that the stray capacitance is split between primary 
and secondary so that a higher L/C ratio is actually possible. 
Furthermore, owing to the double-humped response due to 
the over-coupling, less damping is required for a given pass 
band. These factors tend to make the over-coupled circuit 
superior to damped, single circuits, although it is not possible 
to use inductance trimming for the former as this alters the 
mutual coupling. 

Much the same result may be achieved with single circuits 
staggered and there is little to choose between these two 
methods. 

In order to reduce the pass-band and hence make it easier 
to obtain sufficient amplification some television receivers pass 
only one side-band. In ultra-hi^ frequency work it is more 
usual to operate the oscillator of the frequency changer at a 
hi^er frequency than tiie signal. Although a lower frequency 
tends to give more efficient conditions as explained previously, 
this means that the image fr^quenr^ occurs at a lower fre- 
quency and in a range where interfering transmissions might 
be expected. 

The detector circmt usually comprises a diode valve with a 
load resistance and bypass condenser modified to pass the high 
vision frequencies without serious attenuation. The values 
of these two components are of the order of 6,000 ohms and 
20hijF. Leads to the vision firequenoy amplifier and to the 
detectmr circuit must be carefully de-coupled and screened 
to reduce feed-back of the IJ'. harmonics to the R.F. 
circriits. 

Following the detector is usually a resistance-capacity 
coupled amplifier, mid these stages usually require small series 
inductances in then: anode circuits to neutralise the stray 
capacitance and presarve a reasonable level response up to 
2 Mo/s. Some form of D.C. restorer, often a diode detector, 
is necessnry so as to reproduce any chaz^ in the general level 
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of illumination of the picture before the eigiud is used to 
modulate the cathode-ray tube. 

K The circuit diagram of 

0 ? a typical super-hetero- 

1 { dyne circuit suitable for 

^ M Si television is shown in 



Fig. 281. 

General Considera- 
tions. As the carrier fre- 
quency increases, effects 
which are negligible at 
low carrier frequencies 
become important. 

Stray capacitance and 
inductance may lead to 
loss or ^un of sensitivity, 
detiming, or instability 
and, thmefore, great care 
must be taken to make 
^ aU connecting leads as 
I dhort as possible. Earth 
I connections to a common 
^ busbar rather than to 
indiscriminate joints on 
a chassis, very efficirat 
screening between com- 
ponents is essential, and 
nothing in the way of a 
loose contact or joint can 
be tolerated. Al^u^ it 
would be expected that 
de-couplingwnuld be com- 
paratively easy at high 
frequencies, since even a 
small capacity will have 
recy low reactance, it has 
been found that very 
great care is necessary 
in the selection of con- 


densers lEor this purpose. Fot instance tihe average paper. 
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oondenaer is of either the rolled tinfoil tjrpe or a rolled 
paper strip sprayed on one side with a conduoting material, 
usually graphite. The latter is quite useless for the purpose 
of shunting high ficequenoies, and the former is only useful 
if specially manufactured with a number of connections 
brought out along the rolled strip. At very high frequencies 
the inductive reactance of the connecting leads and plates 
may be greater than the capacitive reactance of the plates, 
so that the net effect across the condenser termimtls is 
inductive. . 

A series of measurements by Dr. Hartshorn * at the N.P.L. 
showed that at 50 Mc/s, a 0-0005 fiF mica condenser had a 
lower impedance than a 0*1 /iF so-called “non-inductive” 
tubular condenser although in both cases the condenser was 
inductive. Smaller condensers (100 ft./jiF) showed capacity 
reactance, the apparent capacity increasing with frequency. 
Condensers made with a dielectric using a ceramic material 
of large dielectric constant can be made in such small dimen- 
sions that inductive effects are negligible, and such condensers 
are particularly suited to high-frequency work. 

It is interesting to note, however, that ordinary metallised 
resistances are still non-inductive at 100 Mc/s and have almost 
the same resistance value as at low frequencies. 

Valve defects are much accentuated. Thus lead-inductance, 
inter-electrode capacities, electron transit time, all combme to 
jnroduce a high grid input-conductance and phase shifts, 
causing loss of amplification and selectivity. For instance, 
tests on a conventimial pentode valve showed that its input 
impedance fell from 3*3 megohms at 1*3 Mo/s to 0*0086 
megohms at 50-4 Mo/s. This means that valves of conven- 
tional design can only be used satisfactorily down to about 6 
metres, and then only if the grid is brou^t out to a top cap. 
For amplification below these wave Imigths, the so-oall^ 
“ Acorn ” type ci design is much better, as this has closely 
spaced electrodes, thus keeping -the usual relationship of r,, 
u, ami but having well-tpaoed and very shmrt connections 
through l^iass sente as shown m Appendix V. 

Recehrers for Centimeter Waves. At frequencies oorres- 
pondiog to' 'wavelengths of only a few omrtimeterB, althou^ 
aa^liSoation is not «> far possil^, valves and crystals may be 
<» 
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used as detecting devices, but eveiry effort bas to be made to 
obtain the greatest sensitivity with them. 

It has long been known that a circuit precisely similar to the 
electron oscillator used for transmitting may also be used for 
reception, the output being taken from the anode circuit. 
The functioning of the receiver has not received nearly so much 
attention as the oscillator, and it has been ustially assumed that 
the signal applied to the grid affected t&e electron oscillation 
and in some way this produced a detecting action. 

Carrara* found, however, that the adjustments for best 
detection were, in fact, different from those for oscillation, and 
that the detecting action was apparently independent of electro 
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transit time because comparatively low frequemsies cotdd be 
detected using the same values of valve voltages. He con- 
sidered that, because so many electrons were brought to a 
standstill v^ close to the anode, there was a virtual cathode 
there. The equivalent of diode rectification takes place between 
this virtual cathode |uid the anode, and the axrangem^t is 
effective at extremely high frequencies because the distance 
between cathode and anode is very smidl and the tranat time 
does not ex^ a harmfrd influence. 

HoUman^ examined the static (haracteristic of a vidve udth 
grid positive and anode motive and found it to be shown in 
Eig. 2d2. Evidently the bottom or top beiuls will produce 
reoiafioatkm of an alterhaihig voltage and it is therdbro 
confirmed that tlm amngemmUi, by him a letazdinf^- 
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field detector, can be used at any frequmoy. Hofiman found 
that putting the output circuit in the grid circuit instead of 
the anode wad a considerable improvement because impedance 



in the anode greatly reduces the curvature of the dynamic 
characteristic compared with the static, thereby reducing the 
rectifying action. 

When the applied voltage has a very high firequency, we 
can also arrange that the valve is on the verge of electron 
oscillation and hence there will be a reaction effect and the 
arrangement forms a very sensitive detector of centimeter 
waves. A circuit diagram of a suitable arrangement is shown 
in Fig. 283. The condenser 0 is in the bridge of a Lecher-wire 
tuning circuit, and the high resistance S keeps the anode 
voltage at a suitable value. 

It has already been mentioned that the best adjustments 
for detection are not the best for oscillation. In order 
to improve performance, 

HoUman devised a two- 
valve arrangement, one 
valve acting as a detector, 
and the othm* as a reaction 
device. 

super -regenerative 
principle may be employed 
with the positive grid 
detector, the adjustments 
being su(^ tha>t an deotron 
osciilation Is produced but periodically quenfiied. Fig. 284, 
slmvrmg axescnant i^ type ofoseillator* employed in this way. 
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CHAPTER XV 


OOHMXROIAI. SBOBIVBBS 

TsB much lower level of atmospheiio noise on short waves 
means that a satisfactory service can be carried out with a 
smaller field strength at the receiver, but because the received 
field strength is lower, greater amplification becomes necessary. 
The principal characteristic of the short-wave signal is the 
fluctuation of strength to which it is subject, due to reasons 
that have been discussed in Chapter V ; and as far as possible 
the minimum value must give a sufficient output from the 
receiver. If occasional very “ deep ” but brief fades result 
in a not perfectly recorded letter on the tele^ph tape, or an 
inaudible syllable in the subscriber’s telephone, it is not of the 
greatest importance ; but the effective ampMoation provided 
must be such that only these deepest fades cause trouble. 

We shall expect, then, that the S.W. receiver fer important 
point to point services will be provided with more amplification 
than a corresponding long-wa^ receiver, and the principal 
problems will be ooimected with providing this amplification, 
whilst increasing the noise level as little as possible. In con- 
nection with it is of interest to note that a high-gain, 
modem commercial receiver has an internal noise level so low 
that it can give full output, of the order of 10 dbs. above 1 milli- 
watt, with a relative level of speech above noise of 10 db., when 
the field strength falls as low as one-tenth of a microvolt per 
metre, assuming the receiver, is fed from a half wave aerial. On 
wav»9 below 20 metres the noise level depends almost entirely 
on the noise produced inside the receiver, and hence many high- 
speed-tel^raph services on these waves operate over long 
periods with an average field strength at the receiving aerial 
of aa little as one miorovdt per metre. Some provision also 
must made for keeping the amplitude cff the output 
’ conBtm).t fer widely' varying amplitudes of input, and providing 
M^eotivit^. For reasons already discussed ahaoujst all com- 
swroial reodiveis are of the superdieterodyne.%pe. 

453 
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Whilst the general prindples of receivers has remained the 
same, the last few years has seen a considerable advance in 
the technique of the circuits because of increasing knowledge 
in the art generally. 

The selectivity of the receivers will not be governed only 
by the frequency band-width of the signed, but also by the 
frequency variations which must be allowed for, both in the 
transmitter and also in the heterodynes of the receiver itself. 
Early receivers, even those designed for the reception of C.W. 
telegraphy, employed intermediate-frequency amplifiers hav- 
ing band-widths as great as 10,000 cycles, l^cause frequency 
variation was the governing factor and not signal band-width ; 
but with the greater constancy of modem transmitters, band 
widtha. designed to suit the class of traffic being received are 
now incorporated in high grade receivers. Even note filters, as 
used in long-wave telegraph receivers, find a place in short 
wave work except at the highest frequencies. 

In general, the production of a constant output level on 
short waves can be obtained in one of two ways : 

1. By arranging that the output from the weakest 
signal is sufficient to operate the recording gear, and then 
limiting the output from stronger signals. 

2. By employing an automatic gain control sjrstem, 
in which the incoming signal controls the gain of the 
amplifier. In most gain controls, the rectified carrier 
from the last detector valve is employed to control 
the gain of the early high frequency stages, and is so 
adjusted that the weakest signal allows maximum gain. 

The first system is suitable only for telegraph signals, since 
a limiter device would smooth out modulation. Although the 
receiver design must .incorporate some method of levelling out 
the signal as indicated above, we can get frurther assistance by 
employing a divmsity < 7 pe aerial system ; this requires special 
receiver arrangements which will be discussed. The pruunples 
of the super-heterodyne have idready been set out in Chapter 
iXIV, and we will describe a gmieral purpose recdver of 
this type. . 

Description of Marconi Receiver Type CR. 190^ The 
snper-hetm)dyne receiver descdbed bdow Is typical oi a 
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modem commercial, general-purpose receiver, and covers a 
wave rai^ of 30 Mc/s (10 metres) to 60 kc/s (6,000 metres), 
and thus includes not only the short waveband but medium 
waves as well. Fig. 286 shows a general view of the receiver 
and it will be seen that the controls are but little more complex 
than those of a broadcast receiver. It is possible, however, 
to vary the sensitivity and selectivity between wide limits to 
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' Figubb 286 . 

suit the diverse conditions met with, as a receiver of this class 
must be capable of utilising very weak or strong signals, undw 
very varied conditions of interference and must be able to 
receive C.W. telegraphy as well as telephony. 

The logging seale, operated through a double slow-motion 
mechanism, is of interest as it provides a rapid and very 
aoouriite method of re-tuning to a station previously located. 
Hiis is ^abomnplished by combining scales geared to the hair 
line indicator which moves amoss the linear frequency sctde. 
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Uiese geared soaHes in efieot developing this scale to one of 
18 feet eqtdvalent length. By such means each scale is 
divided into 1,260 opmi divisions, and as it is possible to read 
to one quarter of a division, even at such a high fiequency as 
30 Mo/s the quarter division represents less than 5 ko /s change. 
Thus a dial setting at the highest frequency is still sufficiently 
near to enable the operator to pre-set the receiver to a C.W. 
station to give an audible beat-note with the local oscillator. 
The way in which this is accomplished can be seen by reference to 
Eig. 286. The hnear frequency scales for each range (calibrated 
in megacycles) are eadi set out lengthwise and diq>osed around 
the oircumfetence of a barrel which is rotated by the range 
switch operating the various scales, the particular scale for 4 to 
10 Mc/s being shown in Fig. 286 at the top of the panel. 

The larger of the two tuning 'controls (and the faster slow 
motion) has attached to it an open droular scale, the lower and 
larger scale in the ciroular window, and both handle and scale 
rotate twenty-five times to one complete arc of condenser 
movemmit. This handle is coupled through a toothed gear 
(spring loaded to remove baok-lash) to the main condenser 
spindle at a 26/1 reduction and it is also coupled by a second 
similar gear having a similar ratio to the outer circular scale 
seen at the top of the circular window. This outer scale 
therefore rotates at the same speed as the condenser and, like 
the condenser, has a total arc of travel of 180°. The disc 
which carries this scale is also coupled by a cable to the hair 
line indicator which travels across the &oe of the calibrated 
fr^qumby scale as the condenser is moved from minimum to 
maximum or vice-versa. The 180° arc of the slow-moving scale 
is divided into 26 divisions and each half-drotlmference of the 
fast-moving scale has ten main divisions, and the provisioa of 
gearing without any baok-lash makes it possible to ensure 
that the ten main divisions of the fast dial exactly covers one 
division of the slow-motkm scale and thus miables the position 
of a station pieviously found to be logged exactly. 

The outer and smaller handle on the tuning control knob 
is merdy a friction driven, slow-motion lumcpe, which can be 
used fine adjustment and, since it is not coupled to my of 
the scales, riip and baok-lash do not efreot the cafibrathm in 
any way. 
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Fig. 286 is a simplified diagram of oozmeotions and shows 
that the receiver comprises two radio-frequency amplij^ring 
valves (Fi, Fs), tiiode-hexode mixing valve (Fj), separate 
oscillator (F«) I.F. amplifier (F5, F„ F,) with a quartz- 
crystal filter, diode detector (F*), L.F. amplifier (F,), output 
stage (V,). Automatic gain control is also provided by Fg 
and a separate oscillator (Fie) ^or C.W. reception. The input 
to the first B.F. stage can be made either direct from an aerial 
through a small capacitor to the top end of the first timed 
B.F. circuit, or through a coupling DB which is designed for 
use with a low-impedance feeder. 

The B.F. or S.F. amplifier consists of two transformer- 
coupled amplifier stages, the complete frequency raiige being 
covered in six steps by six sets of coils. The thrm sets of coils 
associated with the two B.F. amplifier stages, together with the 
set of coils associated with the frequency-changer ciroaits, ate 
switched and tuned simultaneously, the components of each 
inter-valve stage being mounted in separate screened com- 
partments. The B.F. amplifier timed drcuits have been so 
designed that the gain does not change materially between 
the ranges. Except at the higher frequencies the impedance 
of the first circuit is such as to eixsure that the thermal-agita- 
tion noise of this circuit is above the valve shot-noise. Under 
these conditions the signal/noise ratio is the maximum that 
can be obtamed. 

The B.F. circuit output is fM into the ccmtrol grid of a triode- 
hexode frequency-changer Fg, but the tiiode section of the 
valve is not used as an oscillator (for reasons already explained 
in Chapter XIV) but the output of a separate oscillator 
Fg is coupled into the grid of the tiiode j>art of Fg. 

The I.F. amplifier has three valve stages working at a 
frequency of 466 kc/s. There are eight toned circuits and' a 
crystal filter (Q in the diagram) and a switch controls the width 
of the passbi^, between limits detemmed by the class of 
intelligence being received. switch provides five different 
widi^ of passbwd, namely, 6,000, 3,000, 1,200, 300 and 100 
c/s., but it idioold be explained that only the first four of these 
are oontiuUed solely by the I J*. charaetmistics. The 100 o/s 
band width is achieved by audio-fiiequenqy drcuits described 
foter. For tbe 6,000 o/s and 3,000 o/s passbands the oryttal 
0 * 
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filter is inoperative, the change of band-width being obtained 
by varying the couplings. The 1,200 c/s and 300 c/s bcmd 
widths are obtained by the use of the crystal filter circuit, 
alteration of the band-width being achieved by changing the 
phase of the side-circuit tuning. 

The I.F. amplifier is designed to give a symmetrical selectiv- 
ity curve for all the above passbands and the gain does not 
change by more than 6 db. whatever the position of the pass- 
band switch, 

It will be appreciated that the 100 o/s band-width can only 
be employed for the reception of C.W. signals, when hetero- 
dyned by the beat oscillator in order to give a 1,000 o/s output 
to which the audio-frequency circuits are then tuned. The 
100 o/s band-width will only be suitable for reception firom a 
very steady transmitter but will enable such signals to be 
read through very severe interference. 

Diode detection is employed, using the left-hand diode of 
Fg Fig.. 286. The network of resistances and condensers 
between this diode and the cathode form the diode load and 
also a filter to eliminate the I.F. The grid of the triode 
portion of Fg is supplied with the detector output through a 
potmitiometer which provides the L.F. gain adjustment. 

The triode portion of Fg is resistance-capacity coupled to 
Fg, the filter being only in drcuit when the passband switch 
is set at 100 c/s. The circuit is so arranged that the L.F. 
amplification is nearly the same, whether the filter is in 
use or not. 

The output valve (F,) is of the “beam-tetrode ” type and 
its output can be delivered in three ways : 

(а) To headphones, when the output is limited to about 
16 db below ImW (a sufficiently low level not to overload 
the ear). 

(б) To a low-impedance lopd-speaker, an input of 2W 
to a 2 Q speaker being possible. 

(c) To a 600 12 line, the maximum output being 2mW. 

Output (a) cab be used at the same tione as (6) or (c) in order 
to mcmitcur and it is alim possible to use (b) and (c) as additional 
headphone outputs if desired. 

A manual oontsol of H.F< gain is incovided whufil varies 
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tlie oathode potential (and therefore the grid bias) of 
Fi,. F„ F„ and F,. 

The control voltage for A.G.C. is derived from the 
primary of the last I.F. transformer and is rectified by the 
right-hand diode of F^. The voltage developed aOToss R is 
applied to Ft, F,, Ft and F,. Since the receiver has to 
work on both telephony and telegraphy, it is necessary to 
vary the time-constant of the A.6.C. circuit by varying R 
and C. For telegraphic reception the time-constant must 
be long enough to prevent noise surging up to a high level 
during the intervals between Morse “ marks,” even at hand- 
signalling speeds. 

The various changes necessary when changing from telephony 
to tel^praphy are all made by one knob which also outs out 
the A.G.C. when required. 

The gain of the receiver and the design of the A.G.C. 
system ensures that inputs capable of providing a signal/ 
noise ratio of 10 db. operate the A.G.C. system. For inpufs 
greater than the above, the A.G.C. decreases the gain of the 
receiver so that its output does not increase appreciably, 
but the decreased gain of the receiver ensures a decreased 
output of noise, with a consequent improvmuent in signal/ 
noise ratio. 

Discussion of CR 100 Perfonnance. We propose now 
to discuss very briefly how frur a receiver of this type may be 
expected to approach the performance ideally desired. 

As has been explained in a previous chapter, inherent 
noise of a receiver, either shot-noise or thermal-agitation 
noise, sets a limit to the useful gain of a receiver. An un- 
qualified statement of the overall gain of a receiver from 
radio-frequency input to voice-frequency output is therrforo 
an insufficient definition of perfromance. It is aocordm{^ 
usual to specify a receiver performance in terms of the radio- 
fr»quency inputs necessary to give a stated signal/noise 
ratio. 

Table I i^ows, f(» the GB 100 reoeivm, the inputs necessary 
(at fbur selected ficequendes) to give the stated signal/aoise 
ratios. 
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Tablb I 


Input 

Radio Fluency 
mo/B. 

Metres 

WaTelength 

(aV Input (3 ko/s passband) 

PKgnn.1 

Modulated 30% 
(10 db. S/N Ratio 

Unmodulated 

Signal 

(20 db.S/N Ratio) 

1-4 

214 

20 

20 

40 

76 

20 

20 

11-0 

27 

2-0 

20 

280 

10-7 

30 

] 

30 


The figures quoted axe' taken with a signal generator through 
a load of 100 ohms pure resistance, this latter figure represent- 
ing the input impedance of the receiver. For modulated 
inputs the input to the receiver is increased until the difference 
betwemi the outputs with modulation on and off is 10 db. For 
unmodulated inputs the beat-frequency oscillator in. the 
receiver is employed. With the signtd generator connected 
up in order to introduce the damping of the fictitious aerial, 
but with the signal switched off or mistuned sufficiently to 
contribute nothing to tlie receiver output, the voice-frequency 
gain control of the receiver is adjusted to give a noise output 
at least 20 db. below the maximum receiver output. The 
si gnal is then correctly toned, and its input value adjusted to 
give an ontput 20 db. above that of noise. 

In c onsidering the relation of the above figures to the ideal 
desired, i.e. mayinmim possible signal/hoise ratios, two facts 
must be Ixmie in mind. 

(a) The cdiot-noise of a finquency-changer valve ;is 
inherently wc^ne^ than that of a straight amplifier valve, 
and it is t^ierefore desicable to employ soffidmit radio- 
frequency amplificatiiQn to ensure that noise occurring 
beffflce the frequency-changer valves is the limiting factor. 
Except for a small portion of the h^hest frequmicy- 
nags thm is achieved in the receiver mider discussion. 

(h) Secondly, the thermal chrooit-noiBe of tiie first tuned 
dre^t in the recdver dumld be greatmr than the shot- 
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noise of the first amplifier valve. This is desirable because 
increase in dynamic impedance of the first circnit permits 
increase in the transfer ratio from the receiver input to 
the first grid. A limit is however reached when the dyna- 
mic impedance of the first circuit is so high that its thermal 



INPUT- MICROVOLTS 

FratTBK 287. 


noise controls the useful gain of the receiver. Any 
further in<»ease in dynamic impedance would increase 
the transfer ratio from receiver input to first grid but this 
increase would be accompanied by a pro-rata inmease of 
noise, tmd no advantage would result. 

Erom this point of view the receiver under discussion does 
not meet ideal requirements at the Ifigfaer frequmoies, shiee 
it is imposrable to obtidn the necessary dynamic impedance 
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for the first tuned circuit. Below 3 Mo/s, however, the required 
ideal is satisfied. 

Considering the A.G.C. system, the performance of this 
must be considered in relation to useful sensitivity. Other- 
wise, a receiver may give a quite satisfactory signal/noise 
ratio with an input of say 6 |tV, while the A.G.C. may not 
commence to operate imtil inputs of 50 fiV or more are applied: 
This state of affairs permits wide variations of output level to 
occur at usable signal inputs. 

The general considerations above outlined in respect of 
signal/noise ratio and A.G.C. operation make it useful to 
depict receiver sensitivity by a curve such as Fig. 287 taken 
at the frequency giving the worst performance. From this it 
is possible to read off the input required for any signal/noise 
ratio. It also shows the extent to which the A.G.C. system 
is linear, and on this depends the progressive improvement in 
signal/noise ratio with increased input. 

In this receiver, the radio-frequency tuning attenuates the 
image frequency by 30 db. on the highest frequency band and 
by 100 db. on the lowest. 

It was explained on page 434 that the selectivity of any 
receiver can be specified by three parameters and Table 11 
shows the values of these for the CR 100 receiver. Since 
the adjacent channel selectivity is due to the I.F. circuits, 
these values will apply whatever the frequency being 
received. 


Table II 


Band-Pass 


Frequency s] 

pread (kc/s) 

Frequency. 

ko/a. 

-6db. 

(ko/s) at >-40 db. 

^Odb. 

6 

6 

16 

21 

3 

3 

8-6 

13 

1-2 

1-2 

5-4 

8-8 

--30 

•3 

4*6 

1 

8-8 
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Diversity Reception. It has been found, ezperiinfflitally, 
when reootding hi^-speed telegraph sigualfl, or telephony, 
that the sudden “ deep fades ” that are so troublesome are 
very local ; that is, when the signal from a station is at a very 
low level in one sjmt at a certain instant, it may be quite high 
in another spot cmly a few hundred feet away. 

In consequence of this fact, considerable work has been done 
on combining the signal received from several aerials so as to 
produce a more uniform output level and eliminate as many 
deep fades as possible. 

The problem of “ mixing ” the E.M.F.S given by the various 
aerials is quite different from that encountered when spaced 
aerials are used to give directional properties, for in this case 
the relative phases of each aerial must be retained, as these 
determine the directive properties. In diversity reception we 
wish to combine in a scalar fashion the outputs from each aerial 
(or array), irrespective of the phase differences which must exist 
due to spacing. There are at least three possible schemes. 

(1) Use a separate receiver for each array and combine their 
low-frequency outputs. The disadvantage of this method is 
that when a deep fade occurs on any array the receiver con- 
nected to it gives no signal output, but still gives its fill noise 
output, and therefore the residtant signal/noise ratio suffers. 
Another disadvantage is that if any of the arrays are receiving 
a very distorted signal, due to the seleotive fading of the 
carrier frequency at any instant, then this array wUl con- 
tribute distortion to the final result. 

(2) Use a separate receiver for each array as before, but 
automatically select the signal mainly from the receiver giving 
the 'best output. This evidently avoids the faults of (1). 

(3) After some separate amplification, use a rotating switch 
(or its equivalent in a valve network), which will apply the 
arrays in rapid suoo^on to the remainder of the receiver. 
In order to be effective, this switching must connect each array 
at least oncb during each Morse dot, and hence is really modulat- 
ing the signal. This necessitates a wider ffequmicy band in 
the receiver, and this in turn increases the noise level. 

It is generally agreed that the use of smne diversity method 
of reoeptkm is desirable, but it does not, as is often supposed, 
provide a simple and cheap system. 
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Not only must two or more receivers per cirouit be provided, 
but if a good service is required, the diversity aerial cannot 
be of the suuple omni'directive type, but each must comprise 
in itself a small array. 

Radio Corporation of America’s Diversity Receivers. 
The B.CA. has used the diversity principle widely, and in 
Fig. 288 is shown sdiematicaJly the arrangement of their 
telegraph receiver. The arrays usually used have been 
described on page 223. Each receiver embodies timed amplifica- 
tion at the signal ficequaccy, using screen-grid valves. This 
is followed by a self-oscillating detector to produce heterodyne 
beats. The battery supplies for these detectors are separate 
from those of the remaiuder of the receiver, in order to assist 


A| 
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FroTTU 288 . 

in maintaming the frequency constant. A two-stage selective 
low-frequency amplifier follows, having a band-width firam 100 
to 7,000 cycles, and means are then provided for manual volume 
control, and the gain of each receiver is here adjusted to be 
about the same value. The low firequency is now rectified 
to D.C., and the outputs of each receiver combined to produce 
a resultant drop in the combining resistance shown. This 
voltage then operates a tone generator. It will be seen that 
this receiver works on method (1) of the previous section. 

A smnewhat different type of equipment has been developed 
for telephony 8^;nals, and has been applied particularly to the 
re-broadcasting of European broadcast transmisinons through 
American stations. 

In this . .case tifree separate super-heterodyne receivers are 
provideflh ahown sfdiematioally in Fig. 286. The detectors at the 
end of tlm IJ' A., are supplied ficom a common bati^ through 
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a common lesistanoe. The A.C. component of the voltage pro- 
duced by the rectified signals is passed on to a low-firequenoy 
amplifier, and thence to line. The D.C. component of the 
voltage is applied (through a time-constant circuit) to the 
grids of the high-fitequency amplifier, thus controlling the gain. 

It will be seen that the arrival of a strong signal on one of 
the arrays decreases the gain of aU the S.F.A.S (Signal Fre- 
quency Amplifiei^) and therefore reduces the noise contributed 
by the other two. The second detectors are high-amplification 
valves used with considerable negative bias so that the output 
is approximately proportional to the square of the input. Thus 
the receiver having (say) twice the strength of the others (and 
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therefore having probably the best quality speech), wiU con- 
tribute four times the output of the others. 

Diversity Reception at the Somerton Station of 
Cable and Wireless Ltd. Diversity reception has also been 
brought into considerable use at the above station, and a long 
series of tests made to determine its effectiveness and the best 
arrangement to use. - 

The usual method is to employ two arrays (see pages 216 
and 233) spaced broadside on to the incoming signal. 
Ordinary types of receivers are connected to each array, 
and their output combined by the drcoit of Fig. 290. 
Before using diversity sreception, it had been found that 
ihe use of a grid resistanoe (R^) in the detector oirouit was 
imeful to assist in maintaining constant output. Any 
increase of signal above the value that makes the grid volt- 
age of the detector zko produces grid ounent, and Rj thaa 
eauses a negative bias, so redudng the effect of! the stronger 
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signal, and the voltage developed aorosB the leaistanoe in the 
common anode lead is therefore nearly constant for all signals 
above a certain strength. This is, of course, a form of auto- 
matic gain control, and the time constant of CyRi must main- 
tain the bias during the spaces in the Morse. 

The additional bias applied to both detectors therefore depends 
upon the sum of the signals received on both aerials, so that 
if one receives a strong signal, the other is so much “ backed 
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ofiE” as to contribute nothing to the result. This combining 
circuit is therefore of the second type disouesed on p. 464. 

The valve-circuit labelled “ Limiter ” in Fig. 290 is often used 
in telegraph receivers. It will be seen that a detector current 
of a certain value will provide sufScient voltage drop across 
the resistance to reduce the anode current to zero. Clearly, a 
larger detector output can do no more and therefore the signal 
passed on to the recording apparatus by the limiter cannot 
ezceisd a limitmg value in spite of large fluctuations of 
received signal-strength. 

It has been found that diversity reoepti<m is most useful 
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when pure C W. is emitted by the transmitter rather than when 
I.C.W. is used. This might be expected because if I.C.W. is 
used, the transmission occupies a band of firequencies and this 
in itself tends to oTercome the type of fading which diversity 
is designed to combat. 

An extended range of tests have been carried out to determine 
the best spacing to use, and also the minimum spacing which 
will give useful residts. It appears that the spacing required 
(expressed in wavelengths) falls as the wavelength is increased 
— a very fortunate result — sinee it means more or less equal 
actual spacings for the different wavelengths. 

The results obtained on the New York drouits may be 
summarised thus : 

Wavelength 

(Metres). Best Spacing. Minimum Useful Spacing. 

1 16-89 20X 7X 

22 lOX (6X good) 4X 

40-6 7X to lOX (varies) 4X (good) 

Spacings are between centres of each array. 

As a result of the observations, it has been concluded that 
if space is allowed in laying odt a station for a SOX spacing on 
14-6 metres, there will be ample room for suitable spacings 
on all othOT wavelengths comprised within the short wave band. 

The diversity principle has been found of the utmost , value 
when Hignala are strong (in average value), but suffering from 
severe rapid fading. Under these conditions even two single 
aerials suitably spaced may be nearly as good as a sinj^e large 
array. On the other hand, when signals axe weak, the much 
larger “ pick-up ” of the array is most valuable, enabling tnffio 
to be carried on, whilst a single aerial gives a barely audible 
signal at the receiver output. It would appear, therefore, 
that the soundest and most economical receiving system should 
oonrist of medium-sized arrays suitably spaced. The use of a 
very large receiving array does not appear deaizable, since ils 
polar diagram is very sharp, whilst the direcrion of incmning 
annals is liaUe to change tinder some oonditums, and also the 
fdiase of the incoming signal may not be the same ov)^ the ' 
whole width of the army. 

' hi tUi oai« •mjt ww a FrankUn Beam {Uoiibrm anfal S-SXvi#*. 
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OOMMBROIAL WIBBLBSS TBLSPHONB OXBOtTITS 

Ik recent years the telephone networks of the principal 
countries have been linked up by international circuits. Where 
long distances across the ocean have to be bridged, wireless is 
exdusiTely used, and it is to these channels that we have 
apidied the term “ Commercial Wireless Telephone Crrouits." 

General Requirements of a Commercial Wireless 
Telephone Circuit. The ideal to be aimed at is, of course, 
that subscribers using such a drouit should not be reminded 
of its character or of its length by any special peculiarities or 
by poor performance. The output should, therefore, be at a 
constant and sufficiently high level, thm» should be an absence 
of noise and echo and the circuit should pass satisfactorily 
frequencies between 250 and 2750 cydes per sec. Further, the 
wirdess circuit must be so terminated that the usual sub- 
scribers’ instrummits may be used in the normal manner. 

The wireless circuit has two undesirable feattues which will 
make the attsdnment of this ideal difficult. First, a signal/ 
noise ratio poorer than that of a trunk line (because the use of 
intermediate repeaters is impossible) and secondly, a trans- 
mission path which is very variable compared with a well- 
maintained line circuit, so that varying attenuation mid 
possibly distortion is introduced. 

In order to obtain a satisfactory sigiud/noise ratio, highly 
directional receiving ^tems wiU be essential and, on shmt 
waves, directional fransmhwkm will also be used. Whilst a 
satis&dory signid/noise ratio can be olrisained on a 6000 metre 
wavelength across the Atlantic by the use of a single ddeband 
supplest carrier tranunitter with an input of about 200 kW 
and a diiectumal recdving intern, it is not economically 
possiye to use long waves over greater distances or in diteo- 

469 
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tions other than away from the prevailing atmospheric centre, 
and short waves are invariably used. 

The varying attenuation will have to be corrected for by an 
efficient automatic gain control in the receiver. Special methods 
of working are being introduced to reduce distortion. 

Terminal equipment of a special chaxacter will be necessary 
in order that the wireless circuit may be connected to an 
ordinary telephone circuit and considerable amplification will 
need to be available at the terminal points so that losses in the 
land-line extensions may be made good and the wireless trans- 
mitter kept frilly modulated, which is essential in order to 
maintain the signal/noise ratio. 

The “ transmission time,” that is, the time taken for a given 
portion of the speech wave to travel from one subscriber to t^e 
other, should be as small as possible. This "transmission 
time” must not exceed O-S sec., otherwise more than one 
second will elapse when a speaker has finished talking before 
he can receive any reply. This would cause difficulty to those 
not used to the circuit and both subscribers would probably 
speak at once. The wireless circuit has here a great advan- 
tage since the speed of the actual wireless wave is 300,000 kms. 
per sec., as against about 70,000 kms. per sec., for an average 
trunk line. It is necessary, however, to see that the overaU 
transmission time is not increased by the circuits incorporated 
in the terminal equipment especially in view of the fact that 
the wireless linka are often connected to long trunk lines in 
order to reach another counfry. 

The wireless oirouit should be “ secret,” that is, it should be 
as difficult for an unauthorised person to " eavesdrop ” on a 
conversation involving a wireless oirouit as it wotdd on one 
ovra* a line circuit. Owing to the common use of the interven- 
ing medium this secrecy can only be obtained by the use of 
some privacy system which will render the speech unintel- 
ligible to all except those possessed of elaborate equipment 
plus spedal information. 

The principles of suitable fraosmitters, reoeiTers and array 
systmns are described in the appropriate chapters of this book, 
and this chapter will deal cmly with teminal apparatus, 
privacy apparatus and some spedal methods of woihing. 

Tte Fdur-Wire Une Circuit. Before considering the 



CX)MMERCIAL WIRELESS TELEPHONE CIRCUITS 471 

wireless drcuit further it may be helpfiil to consider briefly the 
working of a long distance line circuit since the wireless circuit 
is really a special case of this. 

A true duplex system is one in which the speech currents are 
firee to travel in both directions at the same time. If these 
currents travel over the same line and are merely separated at 
each end by the combined transmitting-reoeiving apparatus, 
we have what is known as a two-wire circuit. 

It will be understood from what is said in Chapter VI, that 
if the impedance of the apparatus at the ‘ends of the line is 
not the same as the characteristic impedance of the line, there 
will be reflection and when this reflected wave reaches the 
speaker’s receiver, he will hear an echo of his speech. 

If the line is short, the time before the echo returns will be 
so short that the subscriber will not distinguish it from the 
“ side-tone ” of his own speech which he always hears in his 
receiver and he wiU not, therefore, be troubled by the echo. 

When the channel has to be extended to greater distances 
it will be necessary to include repeaters, that is, valve amplifiers, 
in the drcuit. There are two ways in which this may be done : 

(1) By the insertion of two-way repeaters at suitable inter- 

vals into the two-wire line. 

(2) By coimeoting the local, short, two-wire line to a four- 

wire line so that the “ go ” currents travel by one pair 
of conductors, and the “ retiun ” currents fravel 
back by a second pair of conductors. One-way 
repeaters can then be inserted in the four-wire portions 
of the circuit. 

Since the valve amplifier is essentially a one-way ” device, 
the two-way repeater used in the first method involves two 
amplifiers and balancing networks to separate out the spee<^ 
currents travelling in the two directions. Unless these balanc- 
ing networks are very oarefrilly adjusted, an echo will be 
returned from each one and also “singing” (that is, self- 
osdUation) may occur. The arrangement, therefore, becomes 
progressiirely more difficult to set up and adjust as the number 
of repeateiB and Hteir amplification is increased, and the two- 
wiie annulment is rarely us«l in practice where more than 
tWQ <» thrm repeaters are to be inserted in the line. 
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The second method is shown diagrammatioally in Ilg. 291, 
where 8i and S, are the subscribers, TEi TE, balancing net* 
works at the terminal points and B,B, represent simple “ one* 
way *’ repeaters. The centre portion of the diagram, within 



the chain dotted lines, 
win be considered later 
and should be ignored at 
this stage. 

Four -Wire Line 
Tenninal Equipment. 
The first requirement at 
TE^ and TE, wiU be a 
differential transformer 
termed by telephone en- 
gineers a. “hybrid coil,” 
the principle of one type 
of which is illustrated by 
j Fig. 292, shown connect- 
i ing a “go ’’and “return” 
a line with a local sub- 
I soriber. In this diagram 
w all the coils are assumed 
to be wound in the same 
direction. Speech cur- 
rents are presumed to be 
incoming from the dis- 
tant subscriber and an 
equiralmit alternator is 
shown whilst the local 
subscribers apparatus is 
represented by the Z at 
the end of the two-wire 
line. Suppose the direc- 
tion of ^e EAlJ'.’s in- 
duced in MM' and 00' 


by tlw current in PP' and QQ' to be in the direeticm (at the 
instant diosen) of the fiill azxowis. llien ounents flow in the 
two*'«^ line and in the baknc^ netwmk in the diiectums 
shown by ^dotted snows. Hthe hniMidanoe of these uireuits 
is ^ saihe, &sn these currents am espial and iaduos equal 
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EJM.F.’8 in JJ' and KK* but sinoe the omients flow through 
LU and NN' in opposite directions, the induced EJdJ'.’s 
cancel out and no current flows in the “ go ” line. TTnlf of the 
energy from the “ return ” line is, of course, lost, since equal 
currents flow in the two-wire line and its balancing network. 

If now the alternator is placed at the local subscriber’s 
position, then a current will flow in LU and M'M inducing 
E.M.r.’s in both JJ', KK' and PP' QQ', but there is not a 



FiaxTBB 292. 


complete path through the return line because there will be 
val-re amplifies in this Une feeing the other way.” It should 
be noted, howerer, that although no current flows in tlfe 
balanmng netwoidc, half the energy is again lost, this time in 
the ” return ” line valve anode impedance. 

An alternative form of hybrid coil is shown in Fig. 293a. 
A gaiu oonsidsKhig an input from the return line, an E.M.F. 
is ihdipced ki LU and KK', and this drculates a current 
through the balandng netw^k, and the two-wire line, in 
serfes. SSnoe the omnbined impedance of M^', the balancing 
ne t wo ri c. and K‘Mi is equal to the mmbined impedance of 
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M^K, the two-wire line, and LM^ and equal E.M.F.’b ace 
induced in each half winding, there will be no P.D. between 
Ml and M^. If necessary, reference to a similar circuit (Fig. 
293b) will make the mattw clear. 

The first type of hybrid coil is somewhat more costly in 
material than the second but each winding can be manufac- 
tured to wider tolerance and yet a good balance obtained by 
suitable pairing up of the coils after test. 



Fiottbe 293 . 

It might be thought that this provides all that is required 
for satisfEmtory operation but difficulties would arise in practice 
owing to impwfisct balance. Suppose that the windings of 
the hybrid coil are not perfsoUy balanced or that the balancing 
network does not exactly sim^ate the impedance of 'the two- 
wire circuit, then a speech wave arriving from 8^, Fig. 291, 
will be parUy transferred at TE^ to the W — E line and returned 
to (TE|) and the gceatm; pmrtion dT this “ straying ” speech 
wave will reach so that 8, hears his own speech as an echo 
Mid if the transmission time be long this will be fronbksome. 
If there is also unbalance at {^Eth some of the wave will 
return i^;ain via the E — W line to (TEt) and the greater part 
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thenoe to 8i who will, therefore, hear am echo of 8^6 speech 
approximately twice the tramsmission time after hearing the 
original speech. 

Further, even if the terminal hybrids are perfectly balanced, 
should the two-wire circuit to 8^, for example, not be perfectly 
terminated, reflection of speech received from 8^ occur 
and when this reflected wave reaches the hybrid coil at (TE^) 
it will be passed over to TE^ and eventually reach 8^ as an 
echo of his own speech, since even a perfect hybrid coil cannot 
distinguish between 8^8 speech reflected from 8^ and Si’s own 
speech. 

In addition to the inconvenience of these echoes it is evident 
that should the gain aroimd the circuit (TEi), W — E line, 
(TEf), E — W line, (TEi) exceed the loss, an oscillaition would 
commence, making speech over the circuit impossible. Such 
an oscillation is usually referred to by telephone engineers as . 
“ singing ” and the adjustment at which it commences, the 
“ singing ” point. 

It will be seen, therefore, that the use of a hybrid coil alone 
would require a perfectly constructed coil, perfectly balanced 
networks, and perfectly terminated lines, so that whenever 
length or characteristics of the two-wire circuit were changed 
at all a carefrd re-adjustment of the balancing network would 
be necessary. 

These difficulties are overcome in long four-wire line circuits 
by working with gains which keep the circuit below the “ sing- 
ing ” point, and by the use of “ echo suppressors ” by means . 
of which the speech currents from one subscriber render 
transmission in the reverse direction impossible while they 
last. The channel is, therefore, no longer truly duplex but the 
subscribers are not usually conscious of anything peculiar in 
the operation of the channel. < 

One arrangement of an Echo Suppressor near the middle of 
a long' four-wire line circuit is shown schematically in Fig. 
,291. E8i and E8, are ampliflers which energise relays which, 
on dosing, short circuit the lines. 'When neither subscriber is 
speaki^ both lines are complete, but should subs<aiber 8i 
spedc, for.bxample, a portion of his speech wave, on reaching 
tile r^pflftter statkm half-way along the line, is amplifled by 
E8, and caused to dose the contact short circuiting the E—^W 
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line. It thU be seen tixat the relay need not be partionlarly 
rapid in its operation, all that is necessary is that it shall close 
before the echo reaches half-way back along the line. 


BLocMca cuMir. 



Blocked. Blockko. 

@ Si Spcakihq.. 


Blocked. BLOCMta 



(2) 5, AND St SFEAHim * 
ViQxmE 294 . 


It will be eridmt thM* with any drcqit haying echo si^ipres- 
SOTS <»dy it is not powifale for the gains of tiie repeaters to be 
adjusted to equal or exceed the losses in the Hikes plus the kus 
aoross the hybrids fixmi " r to " go ’* Hnes, otherwke a 
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complete circuit having zero or negative resistance and, there- 
fore, capable of self-oscillation vdll be formed when neither 
subscriber is speaking. The “ singing ” would be intermittent 
because its onset would cause the relays to close but it is 
obvious that the circuit would not be workable. 

Should we desire to have an overall gain round our four- 
wire circuit in order that the output into the distant two-wire 
circuit may be considerably greater than the input (in acdee, 
perhaps, to obtain a sufficient strength at the distant end of 
a i>oor, two-wire Une) we shall need to convert our Echo 
Suppressor into a Singing Suppressor which always keeps one 



S, $2 > SUBSCRIBERS. T, Tg - TRANSMITTERS. 

(te), (T£)g . TERMI'nAL EOUtPMENTS. 1^ Rj • RECEIVERS. 

SCHEME OF TELEPHONE CIRCUIT 
FiQxnui 29S 

line blocked even if neither subscriber is speaking. The action 
of a Singing Suppressor is shown schematically in Eig. 294. 

Such a circuit employs two interlocked suppressors at each 
end, one in the ".go ” line and one in the “ return " line. In 
the quiescent condition both go lines are blocked, and both 
return lines are dear. 

Speech from a distant subscriber. Si say, to one terminal 
TSi operates the interlocked suppressors there, blocking the 
return line and deaxing the go lioe. Since the other «ud is 
already dear, the go currents will reach the subscriber at S^i 
19ie action is revereed when speaks, but in cases when both 
subsoribeis cqieak together, all four suppressors become bkx&ed. 
Tim drouit changes mint, of course, be made autcnnatically 
without tim subsoribers being aware of anything unusual in 
the belutiviour of the drouit. 

The vtixdess td^<me is a iqiedal case of such a four-wire 
line dreuti) just demribed, as it invariably works at a large 
overall gain, but it difiers thmiefirom in tl^t the attenuation 
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is much more variable and the signal/noise ratio tumidly 
poorer, and the singing suppressors used will need to be of a 
more elaborate type to cope with the greater variety of service 
required of them. 

Fig. 295 shows schematically a wireless telephone circuit 
where TE-^ TE^ are the terminal equipments, and 1\ and 
the transmitters and recovers at each end. It will be observed 
that in addition to possible “ sing ” around the main loop 
circuit, there are also loop circuits at each end from to R^ 
and T, to and should the cirouit be operated at the same 



wireless frequency in both directions “ sing ” around the local 
circuits must also be prevented. 

Three types of terminal equipment designed to work on 
wireless circuits will now be described. 

Singing Suppressor— Relay Type.^ The arrar^ement 
6rst developed by the A. T. & T. Corp., for four-wire line oirouits 
was modified for use on the trans-atiantic long wave circuit. 
The simidified scheme of ommeotion is shown in Fig. 296. 

Suppose speech to be incoming firmn the two-wire line. 
Ctraents flow in L and M, and are amidifiBd and rectified by 
tihe transmitter amplifier-^tector and first dose dm relay B, 
(^mrting^i^ reoehrer line. A is then opmied, dms making 
dm tranonitter availabfe. When speedt is incoming from dm 
sdrdess recdver B will be ofiened and A dosed. TN xeedved 
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rectified signal will cause C to open and thereby ensuring tiiat 
even if the “ near ” subscriber speaks at the same time, A 
cannot open or B close. 

It will be appreciated that since the. first syllable of speech 
has to work the relays, they must either be very sensitive and 
quick acting — ^in which case they are liable to false operation 
due to noise — or some speech must be lost. To overcome this 
difficulty the delay networks are inserted. These are so 
proportioned that the voice currents take a comparatively 
long time to travel through them, and hence the relay- has time 
to function and need not be tmduly sensitive. 

It has been already explained that the transmission time 
should, if possible, not be increased because this limits the 
length of line which can be connected to the ends of the wireless 
drouit. To overcome this and also to obviate the adjustment 
of the relays an entirely valve operated arrangement has been 
developed by ihe British Post Office and is in use in all the 
wireless terminal equipment at the London International 
Exchange. It has the additional advantage that a differential 
arrangement to prevent false operation due to noise firom the 
receiver is incorporated. 

British Post Office Terminal Equipment. A sim- 
plified circuit diagram is given in Fig. 297. This diagram 
includes the privacy equipment which requires additional 
suppressors and an extra hybrid coil, but in the preliminary 
explanation this will be ignored, and we can assume that the 
input from the wireless receiver is connected to the points AB, 
and the speech output to the modulator of the transmitter 
from the points CD direct. 

Examination of this diagram shows that it includes a suppres- 
sor in the receiving line B8i, a suppressor in the transmitting 
line T8i, a main suppressor which controls R8i, and an' 
auxiliary suppressor which normally blocks T8i unless it 
itself is blocked. In considering the working of the system we 
must keep in mind the general conditions set out previously, 
namely, that with no speedi passing either way the incoming 
line from the reoeivear is open, and the outgomg line is blocked. 
Further, utecmuiig i!^>ee<ffi maintains these conffitiqns, but out- 
going speisoh must be capable of reversing the conditions. The 
suppressors are the means of aeoompUsldng this, and each 



480 SHORT WAVE WIRELESS OOMMDNIOATION 



Fioims 297. 
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consists of a single push-pull tsIts stage haTing zero gain 
in the dear condition and about 100 dbs. loss when blot&ed by 
negalsTe implied to their grids. 

It will be obsenred that the anode drooit of the auxiliary 
suppressor is coupled to the grid of the transmitting suppressor 
TSi, This means that when the auxilisiy suppressor passes 
cnxient, namely when its grid is zero, the anode current in this 
auxiliary suppressor applies negative to the grids of the trans- 
mitting suppressors T8i. Now the auxiliary suppressor is 
controlled from the lesistance Bi, the potential across which 
in turn is controlled from the differential balance, connected 
to the “ go ” and “ return ” lines throu^ amplifiers TAB and 
TAT. Thus when no speech is in either direction 

(and assuming that no noise is present either), because no 
E.M.F.’s are applied to the amplifiers TAB and TAT, the 
suppressor amplifier applies no E.M.F. to the mam suppressor 
and no current passes through the resistance B^. Thus no 
n^iative E.MJB'. is applied to the grid of the auxiliary supptes- 
sor (hence it has anode current), or to the grid of the main 
receiving suppressor BSi, and in consequence this remains 
dear, but because of current through the auxiliary suppressor 
vdve it applies negative to the transmitting suppressor TS^ 
and effectively blocks the outgoing line. Thus in the quiescent 
condition the receiving path is open and that to the transmitter 
blocked. If the distant subscriber now speaks, the conditions 
remain the same except that speech voltage is applied to the 
amplifier TAB, w;hioh backs off the grids of the differential 
balance, but this makes no difference to the operation of the 
drouit. At the same time, however, if the near subscriber also 
speaks, because the incoming speech has backed off the differ- 
ential balance more negative, the transmitter speech is unable 
to pass current through the differential balance if the adjust- 
ments have been made ccorectly and in consequence produce 
current across the resistance Bi. 

On the inoonung speech ceaaii^, the condenser Og discharges 
comparativdy slowly, removing the bias from the diffmential 
balance. This is necessary in order that echoes returning ficom 
^ end of the two-wire drouit may not chaxtge the suppressors 
oyer to the transmitting condition. may W varied for long, 
medium, m dmrt two-wire lines, 

n 
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Suppose now that only the near subseriber speaks ; having 
^charged, there will be no bias produced by TAB and hence 
a portion of the outgoing speech oxurent passes through the 
difierential balance and a steady P.D. is produced across the 
resistance B-y. This P.D. applies sufficient hegatire bias to 
BSy to render it inoperative. Bias is also applied to the 
atu^ary suppressor and hence there is no longer any P.D. 
across B^ and, therefore, no bias on TS^, and this suppressor 
is, therefore, clear for outgoing speech to the wireless trans- 
mitter. 

We have now to consider how the performance of the circuit 
is modified by the presence of noise (especially that incoming 
from the wireless receiver) and by unbalance at the hybrid. 
Suppose neither subscriber to be speaking, then noise be 
coming in on the receiving line and some of this will pass across 
the hybrid coil due to unbalance. Although the loss across 
the hybrid will be high, yet, as there are two amplifiers in 
series (each of which may be adjusted, under certain circum- 
stances, to give a high gain) sufficient energy might pass 
through TAT to produce a large enough P.D. across to 
cause the circuits to change over to the transmitting condition. 

This is prevented, however, by the fact that some of the 
received noise is passed through TAB and produces a P.D. 
across Eg, thus biassing the differential balance. Hence by 
suitable adjustments of TAB and TAT, the biasdng of the 
differential balance can be made sufficient to prevent operation 
by noise through TAT and yet to permit of operation by out- 
going speech. If now the distant subscriber speaks the bias 
produced by Eg is increased and as some of the speech energy 
wiU also leaA across the hybrid, the energy passing through 
TAT will also be increased. The adjustments must be such 
that receiver noise pl^ received speech produce sufficient bias 
across Eg to look the differential balance and keep the suppres- 
sors in the receive condition. As the incoming noiae increases 
it will be necessary to reduce the gain of TAB in coder i^t 
outgoing speech may not fail to change over the suppressors. 
Emially, a limit is reached where false operaticm noise 
cannot be prevented, but before this the dr^t would probaldy 
be “ uncommercial ” dim to very poor sigaal/ndse ratio. 

In (Oder to assist furthmr in prevmiting opontion by ncnae 
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(especially that coming from the two-wiie oirouit) TAT is 
fbllo^rod by a filto: passing only frequencies from about 600- 
2,600 i^des so that low frequency noise is out out. 

This shunting condenser C-i gives the combination Efii a 



sufficient time constant so that the suppressors are iu>t changed 
over between oonimoted syOablee of the subscriber’s speech. 
Hue to die inorarpOTadon of the differehdal arrangement the 
o£ the arqiinessors can be nuuto satia&i^zy even 
when speech from the wireless receiver is at a considerably 
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higher level at the hybrid than the speech from the two-wire 
line at the same point. 

Singing Suppressor— Marconi T3rpe.* This equipment 
is in use at the various terminals in the British Empire with 
which the British P.O. conduct telephone services and, there- 
fore, has to work in conjunction with the P.O. suppressor just 
described and in principle it is very similar, but a brief descrip- 
tion of certain parts may be of interest. A schematio diagram 
is given in Eig. 298. If privacy equipment is in use an 
additional hybrid cod and suppressors will be required as in 
the P.O. type. 

Valves having independently heated cathodes are employed 
although D.C. filament heating is used, because convenient 
methods of applying bias voltages are thereby rendered possible. 

The difierential principle is used, but the means of applying 
it are quite different, as will be seen from Fig. 299. One of the 
inputs has come from the receiving side and the other from the 
transmitting, each having come through an amplifier gain 
control a;nd filter. Each input undergoes fuU-wave rectification 
so that uni-directional currents fiow in the resistances OP, 
OQ, both currents fiowing away from the centre point. If the 
inputs are equal (and the valves matched) there will be no 
voltage across PQ but any inequality of input produces a D.C. 
voltage which is applied at the grid of the first valves in the 
bias control circuit. If there is no output from the differential, 
Vi is out off and there is no P.D. across to bias the receiving 
suppressor, but the grid of Fj is positive and hence there is a 
P.D. across Eg to bias the transmitting suppressor. If the 
receiving input becomes greater than the transmitting input, 
Vi is merely made more negative, but if the transmitting input 
becomes the greater F^ becomes conducting and if the disparity 
is sufficient the receiving suppressor will be blocked and the 
truismitting suppressor opened. * Owing to the condenser the 
change ba(& to the receiving condition takes a time to be 
effected, which may varied. 

The above differential arrangmneht has an advantage over 
oixciute in which a grid bias is balanced against a speedi input. 
Beoanse the inputs from the transhiitthig and reocdving sides 
are of tito same nature, tiie differentia h> linear, that is, a gitmi 
difference betwemr the tvro inputs alwa]w |nt^uces tiie same 



CIRCUIT. 
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Figure 299. 
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P.D. across the output. In consequence of this, re-adjustment 
is not necessary if the noise lerel changes by a large amoimt. 

A special feature of the equipment is the “ Lock ” Circuit, 
also shown in Eig. 299. This is so arranged that when the 
input from the receiving side excee^ls a certain value the 
transmitting circuit is locked in the suppressed condition, 
irrespective of what voltages may be impressed on the differen- 
tial from the transmitting side. The “ Look ” is, therefore, so 
adjusted so that it does not work on received noise but does 
work on received noise plus received speech. 

It win be seen that the first valve of the “ Look ” Circuit is a 
straightforward amplifier taking its input from the receiving 
side whilst the second valve has a three-winding transformer 
in its anode circuit. Considering only the windings L and M 
it win be seen that as the input increases, the voltage applied 
to the diode increases, but because it is negatively biassed, the 
current in rises quickly after a certain input is ieaohed. 
This effect is enhanced by the arrangement of metal rectifiers 
connected to the N winding which removes the bias on the 
second valve as the input increases, slowly at first, and then 
rapidly for larger inputs. The net effect is that at a certain 
value of input a large P.D. is produced across R^ cuid this 
paralyses the differential transmitting amplifier. The con- 
denser across R^ ensures that the transmitting side remains 
suppressed until any echoes of the received speech returning 
from the two-wire cirouit have been dissipated. 

Some special methods of working will next be discussed before 
considering the question of privacy because some of these 
spedal methods give, inddentally, a measure of privacy. 

Suppressed-Carrier Single Side-band System. The 
theory of this method of transmission has been fr^y dealt with 
in Chapter III, and the limitations discussed. The method has 
been employed on the long-wave trans-atiantic telephone 
cirouit smoe its inception in order to economise in transmitter 
power and reduce the frequency band occupied. These 
considerations do not press so heavily <m short wave telephone 
circuits whilst tiie difficulties are mudi greater due to tiie 
higher freqr^des, but a suppressed oatiier system is less 
liable to distortion when adective fridixq; is present (see p. 116). 

It will be evident that if the oacrimr fades de^ly whilst the 
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ndebands lemain at full strength the effect on the detector is 
the same as over-modulation and large second harmonics will 
be produced in the detector output. Any ordinary system of 
gain control depends upon the carrier and is, therefore, likely 
to increase the distortion when selective fading of the carrier 
occurs by causing the sidebands to be amplified unduly. 
Considerable improvement, in quality might, therefore, be 
expected if the varying carrier were replaced by a steady 
carrier generated at the receiver. It is especially important 
to prevent the introduction of spurious frequencies when 
privacy systems are in use. 

It is of interest to compare the signal/noise ratio obtained 
from an ordinary telephone transmission and from a suppressed 
carrier single sideband transmission. The basis of comparison 
and the assumpticms made must be clearly understood or the 
figure arrived at is meaningless. 

Als a basis we will take it that the peak voltage in the final 
stage of the transmitter is the same for the two oases. When 
water-cooled valves are used, the limit of output will normally 
be the peak emission which the valve can give (see Chap. X), 
and hence by comparing on the basis of equal peak voltages 
we are really assuming that the final stage of the two trans- 
mitters will be the same. 

The following assumptions are made : 

(а) Sine wave modulation, the ordinary transmitter being 

100% modula^. 

(б) A distortionless transmitting path. 

As an example, let the maximum value of the carrier voltage 
in the ordinary transmission be 10,000 volts, then the peak 
value wiHi 100% modulation will be 20,000 volts and the 
maximum voltt^ of each sideband is 6,000. In the single 
sideband transmitter, however, the maximum value of the 
sideband will be 20,000 volts or four times that of each sideband 
in the ordinary transmission. If the tranmiisnon path is 
distortionless then the two sidebands of the ordinary trans- 
missipn will arrive in the correct phase rdatimiship and add 
their effects at the recmver detector. Hence the output 
voltage from tiie nngle sideband receiver wfll be twice that 
^m the ordinary receive^ the power output bmng four times, 
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so that the gain is 10 logic ^ dedhds approximately. 
The siogle sideband reoeiyer need have only half the band 
width of the ordinary reoeiver and hence the noise energy 
picked up will be approximately halved. The signal/noise 
ratio in the sin^ sideband receiver will, therefore, be 10 logi, 
8, or 9 decibels above that in the ordinary reoeiver. This 
comparison is unable to take into aooonnt the effects of selec- 
tive carrier fading and of phase dieplaoement between the aide- 
bands of the cnrdinary transmission. 

In praotioe, the changing over of an existing channel to 
single sideband working would mean that the transmitter power 
could be greatly reduced during almost the whole working time. 

The single sideband system has the serious disadvantage 
that it does not in itself provide a sufiSoient measure of secrecy 
and tlmt the simpler form of privacy, that of speech inversion, 
is not suitable. 

It is dear that the permissible variation in frequency 
between the suppressed carrier and the re-introduced carrier 
will be the same number of cydes whether long or short waves 
are used and hence the special difficulty in a short wave 
application of the method will be the very small percentage 
variation permissible in the re-introduced carrier. It is stated 
by Reeves^ that a difference of 16 cycles between suppressed and 
re-introduced carrier is the maximum that can be tolerated 
on a conunercial speech drcuit. Such dose agreement between 
independent oscillators would be exceedingly difficult to 
maintain and no such system has been tried out. 

A number of alternatives {oesent themselves, three of which 
have been the subject of extensive tests. 

(а) The carrier and one sideband may be as completely 
siq>pressed aa possible and a “ pilot signal ” applkd at a low 
level aa part of the modulation at the transmitter, this lalot 
signal being used to synchronise a local oscillator which 
re-introduces the carrier. 

(б) One sideband may be suppressed and the carrier trans- 
miti^ at a very low levd. Afbm separate treatment at tiie 
reoeiver the carrier may be xe-introdimed at the correct levd. 

(e) l^amamiasion aa in (6) but tlm carrier is used at the. 
receiver to qmohrozuBe a local owslllator whidi le-ihtrodhoes 
thecarrier. 
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It should be noted that either the pilot signal of system 
or the low level oarrier of system b, can be satisfiGMitorily 
utilised at the receiver because they are practically sing^e- 
frequeni^, unvarying signals and hence very narrow-band 
oirouits can be used for them, thus allowing of a satisfactory 
signal-noise level ratio for these signals in spite of their low 
level at the receiver input. It should be further noted that 
where a local oscillator is to be held in synchronism it may 
be necessary to have circuits of large time constants in the 
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synchronising arrangements to prevent the local oscillator 
drifting out of synchonism during periods of deep &ding. 

The receiver will always be of the superheterodyne type and 
one of the heterodynes will be automatically controlled, so 
that the beat frequency produced between it and the pilot 
(or low level oarrier) is always correct, even if the transmitted 
frequency wanders, or if the heterodyne frequency tends to xlo 
so. The succeeding amplifiers may then have a band-width 
about equal to the band-width of ^ single sideband in order 
that the desized improvement in signal/noise ratio may be 
brought about, and it is also possible to use the narrow- 
band fflters mentioned above for the synchronising dgnal. 

An eqn^nnent based npcm metbod (a) has bem developed 
hy the<L T. & T. Ooip.^ In this tiie pilot signal is 8-4 ko/s 
from the earrkr uid is, therefore, on the “ edge ” of the spee<fli 
a* 
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btmd. The receiver is of the triple deteotion type oad after the 
second detector, the pilot signal (now 23*4 kc/s.) is selected by 
very narrow filters. This signal is then made to beat with the 
output of a 27 4 kc/s. oscillator (which must remain constant 
to a high degree) and a 4 kc/s. output therefore obtained. This 
pilot signal also operates a gain control on the initial stages of 
the receiver, and in order to control the second heterodyne is 
fed into two sharply tuned circuits of equal decrement, one 
resonant at 4-2 kc/s. and the other at 3-8 kc/s. (see Fig. 300). 
If the firequency be exactly 4 kc/s. the voltage applied to each 
valve of the balanced detector will be the same and if the 
valves are matched there will be no P.I). between L' and N. 
Under these circumstances the Frequency Control Valve has 
a certain resistance which has an effect upon the equivalent 
resistance* of the oscillator circuit since it is coupled thereto. 

If the frequency now rises above 4 kc/s. the voltage across 
OP will be greater than that across OQ and consequently the 
P.D. across LM will be greater than that across NM, so that 
the grid of the frequency control valve will become more 
negative and the resistance “ thrown back ” on to the osdUator 
circuit will be increased. This will slightly change the oscillator 
frequency and values can be adjusted so that the frequency 
variation which caused the 4 kc/s. signal to change is just 
compensated for and the correct band of frequencies obtained 
in the second intermediate frequency amplifier. 

This arrangement would be perfectly satisfactory if the 
4 ko /s. signal remained of constant strength, but in spite of the 
gain control applied to the first detector, changes will occur'. 
Suppose the frequency is not exactly 4 kc/s., then thore will be a 
difference in the P.I). between LM and MN as previously 
explained, but the actual magnitude of the difference will 
evidently depend upou the strength of the signal applied to the 
balanced detectors; Hence the frequency change produced in 
the second heterodyne would depend not ouly upon the 
frequency of the 4 ko/s. signal but upon its strength at the 
moment. Another gain control is, therefore, necessary wmrked 
off the point M and, therefore, respcmding to tiie sum of the 
iMdanoed detector output, and applied to ihb pilot signal 
detectors. 

Auother equipment, developed by the Bdl Tel^^tte 
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LaboratoridB* and tested, in collaboration with the British 
Post Office, on a short ware trans-atlantic circuit, may be 
worked in accordance with either method (6) or (c) disoassed 
above. 

A schematic of the transinitter is shown in Fig. 301, the 
numbers in each section of the diagram indicating the frequen- 
cies (in kilocycles per sec.) of the currents traversing that 
section in a typical equipment. It will be seen that the carrier 
and one sideband are first suppressed by a balanced modulator 
(see p. 261) and special tnystal filter arrangement at a com- 
paratively low frequency and a variable amount of carrier is 
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then re-introduced. Only the circuits from the third modulator 
onwards need altering if the transmitted frequency is to be 
altered. The high-power stages of the transmitter are quite 
normal. 

The receiver is of the double-detection type and is shown 
schematioally in Fig. 302. The frequency of the first hetm'odyne 
is automatically adjusted so that the carrier frequency in the 
intermediate frequency amplifier is matched to the suppres- 
sion band of a crystal band-suppression filter (shown in Unit 
A, Fig. 303, to be described later) . The intermediate frequency 
amplifier can, therefore, have a band-width limited {nraotically 
to the width of one sideband. 

The ouri^ is sdected by a mystal band-pass filter (shown 
in Fig. 302) amplified and passed through a series of ampli- 
tude-smooi^ing arrangemmits and may tiben be applied 
to the second detectm* as the necessary le-introduoed carrier. 
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It may at first be thought that there will be no improTement 
in performanoe ov«r a normal system when seleotive fading is 
present, since the original carrier is being used in the final 
detector, but it should be realised that, because the carrier is 
atailable by itself at the receiver, it may be passed through 
amplitude smoothing circuits which could not deal with the 
whole signal because they would then smooth out the modula- 
tion. These smoothing circuits take the form of overloaded 
amplifiets. 

As an alternative arrangement — and a more satisfactory 
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one when the field strength is very low — ^the original carrier 
may be used to synchronise a local oscillator which is applied 
to the second detector. 

Quite original and ingenious anrangements (shown in Fig. 303) 
are used to adjust automatically the first heterodyne, and 
will now be briefiy des<aibed. The barrier is applied to the 
input of the push-pull pair shown in Fig. 303a, and also to 
the grid of a screened grid valve, the output of which contains 
a crystal band-sup|aession fil^. CkmpM to tiie parallel 
input of the push-pull pair is a 60 (^de A.C. supjdy which 
also feeds the voltege coil of an induction type 'vratt^hour 
meter, tiie onrrnat coil of which 1$ in the ou^t of the pudi*. 
puU inir. If the carrier emerging fimn the intenaediate 
finquenoy amplifim is ezaotiy the same as that (tf the utystal 
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filter then there is no high frequency voltage E and equal 
voltages ,Ei and E^ are impressed on each grid. The 60 
cycle voltage is small compared with the high frequency 
voltages. If now the carrier begins to drift away from the 


BM 
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crystal frequeni^ the voltage Eg appears, its mi^nitade and 
phase.depending upon the direction and octent of the frequency 
drifts Ihe resultant voltages to the grids are, therefore, Ei + 
E, mid iff, + ff, (vector summarions). One of f^iese resultants 
Will be large and the otiier small (since ff, and ff , are opposite in 
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phase) and the vtdve which has the greater hi^ frequency 
voltage applied to it will have the greater mutual conductance 
(since the valves are initially biassed to the bottom end). More 
60 cycle current will, therefore, flow through one valve than 
through the other, and hence the current through the current 
coil of the watt-hour meter will depend upon the Inagnitude 
and direction of the frequency drift. If the carrier frequency 
is higher than that of the crystal, the disc of the meter will run 
in one direction, whilst if the carrier frequency is lower the 
rotation will be' reversed. The disc of the meter drives (through 
gearing) the moving vane of a very small condensa* in the first 
heterodyne and thereby compensates for the frequency drift. 

When it is desired to use a local oscillator at the second 
detector an additional synchronising arrangement is required 
to synchronise the local oscillator to the incoming carrier 
because the above arrangement, since it merely refers the 
carrier to a crystal filter, would not be an accurate enough 
control for a re-introduced carrier. 

The local carrier is supplied to two separate push-pull 
detector circuits, one directly and the other through a 90° 
phase-shifting circuit. The incoming carrier is supplied to the 
same two detector ciroiuts. Each detector circuit will, there- 
fore, give an output at the beat frequency between the local 
oscillator and the incoming carrier and the two outputs will be 
quadrature. The outputs are supplied to a special type of 
two-phase motor, this driving the moving vane on a condenser 
in the local oscillator circuit. The direction of rotation of the 
motor will depend upon the direction of frequency drift, and 
when this has been compensated for the motor will stop since 
the frequency supplied to it will be zero; 

The incoming carrier is used (before smoothing) to provide 
gain control on the high frequency amplifier and first deteotor. 

The results of tests with both the I. T. & T. Gorp. and Bell 
equipment showed that the gain in signal/noise ratio was of 
^ order predicted by theory, and articulation tests showed a 
oonsidflrabLe improvement in the drcuit apparentiy due to 
absmce of selective fading effects. 

Dual-Chaimel System. An arrangement is in Use on the 
tiunt wave trans-atiaatio tdbphcme tirouits, whereby ; two 
sktebands are transmitted but lower wte-baad is canyii^ 
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one telephone channel and the upper side-band a second 
channel. Referring to Fig. 301 it will be seen that it is possible 
to have a duplicate No. 1 balanced modulator, modulated by 
another speech channel. If the crystal filter following t.hin 
selects the lower side-band, then the outputs of both filters can 
be applied to No. 2 balanced modulator and the rest of the 
eqrupment is much as before, except that twice the band-width 
must be allowed for. 

In the actual equipment, the carriers supplied to the two 
No. 1 modulators ^fier by about 3 kc/s and in the final trans- 
mission, therefore, one channel is displaced by this amount 
from the carrier. This is necessary because the low-level 
carrier which is transmitted beats with both side-bands and 
would produce “ cross talk ” between the channels. When one 
channel is displaced the inter-modulation products fall into 
the vacant “ space ” between carrier and displaced channel. 

At the receiver, both channels are kept together as far as 
the output of the 1st I.F. amplifier. Two 2nd-frequency 
changers are provided and the two 2nd I.F. amplifiers are 
sufficiently selective to each pass only one side-band. 

The “Ray-Diversity” Receiver. In Chapter Vin we 
mentioned the Mtdtiple-Unit Steerable Array and it is now 
necessary to consider the type of receiver to be used with it. 
As the receivers used are somewhat complex, space only permits 
of us giving the barest outline and the paper by Gill^* should 
be consulted for further information. Referring to Fig. 304 
which shows a greatly simplified schematic diagram it will be 
seen that the sixteen rhombic arrays each have their own R.F. 
and 1st I.F. drcuit. At the second hequency-ohanger arrange- 
ments are mcMle to correct the phase of the inputs from the 
16 aerials so that they may be combined. This is done by 
supplying local-oscillator voltages differing in phase. The 
phase-differences are obtained by an ingenious arrangemmit of 
artificial line and auxiliary oscillator (detml not shown in 
Fig. 804), the adjustment being the frequency of the latter. 

Four separate phase-adjusting circuits are available so that 
four, separate xmiithal polar-diagrams can be obtamed at the 
same time. Hence frrom the second frequmucy-dianger there 
are four separate circuits A, B, C, and M, each oorrespondiiq; 
to a certain /adjustable) reception angle. Three of these 
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oirooits, after further amplification and rectification, are com- 
bined at audio fi^equency as indicated. 

Thus if the energy is reaching the receiying aerials by a 
number of rays, the three best of these can be selected and the 
energy finally added. Delay networks can be inserted at 
audio frequency to allow for the fact that the ray paths may be 



of difierent lengths. If there axe less than three rays the un- 
wanted circuits may 1 m cut off. 

The fourth path M through the zeoeiver is the monitoring 
drcuit which terminates at a oathode^y oscillograph. The 
oscillator phase of this path is being eontinmdly varied so 
that its zenithal angle of maximum reception swings over a 
range of reAvea periodioally, and an inepeotion of the osdllor 
graph smeen enabtes <me to see at a gbnee at what angles 
useful rays ate coming in and to adjost the A, B, and (7 pi^ 
accordingly. 
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The actual receiver is for dual-ohansel, siug^e side-band 
working and a number of. receivers could be connected to the 
same array system. 

Multi-Channel System. In modem line-telephony it is a 
eonunon practice to use the carrier system in order to work a 
number of channels over one line circuit. Thus, in a standard 
equipment, 12 carriers, spaced between 12 and 60 ko/s, are 
each modtdated by a separate speech channel. These channels 
will normally all carry speech in the same direction and another 
pair of wires carry ike return channels, that is, the system is 
worked on a four-wire basis. 

In some oases where ultra-short waves are employed by the 
British Post Office for linking together telephone lines which 
are working on this principle, all the lower-fi»quenoy carriers 
are used to modulate one very high-frequency carrier. That is, 
one wireless circuit carries all the channels. 

A disadvantage of such a system is that the mean percentage 
modulation applied to the wireless transmitter by each carrier 
channel must be very low in order that should a number of 
channels rise to peak modulation at the same instant, the 
wireless transmitter is not overloaded. 

A simpler system for obtaining only two channels over a 
line is to use the original q)eeoh frequencies for one channel 
and to use a 5 ko/s carrier for a second channel — ^the upper 
sideband being selected. Hence the whole frequency band 
extends to 10 ko/s. In a number of the P.O. ultra-short 
wave links, thme two channels modulate a single ultra-H.E. 
carrier. 

On these ultra-short wave drouits, the wireless transmitters 
and receivers are so designed that they can be left unattended 
and controlled from a distant telephone exchai^. 

Quiescent Cairrier Systems. It is evident that a oonsidEer- 
able saving of power can be made if a telephone transmitter 
has its carrier emisBion stopped whenever speech is not actually 
bring transmitted. Actual measuiemmits taken by the Post 
Office Indicate that during an ordinary conversation each 
transiDitter is only transmitting speerii ix about 13% of the 
time ttnd there will be many pauses between conversations 
iwhein nri&er tminamitter is acti^y in use. 

In additiott to the eocmomy efEsoted, ** eaves-dropping 
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becomes more difficult sinoe the oarriOT is only transmitted for 
brief periods. 

When one end of the telephone channel is on shipboard it 
is almost essentud for the transmitter on the ship to work on 
the quiescent-cairier principle because of the very small 
separation possible between transmitter and receiver. Com- 
paratively heavy currents are induced in rigging adjacent to 
a short wave aerial and the vibration of the rising causes 
loud crackling noises to be produced in nearby receivers. 

One method of achieving carrier suppression is by a modifi- 
cation of the absorber keying circuit described on page 425. The 
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incoming speech is fed into the input of a control amplifier,' 
Fig. 305, as well as into the line amplifier which modulates the 
transmitter. The control amplifier is followed by an anode 
bend rectifier (included in the amplifier in Fig. 305), the D.C. 
output voltage of which is applied to the grid of a valve which 
takes the place of the keying relay. 

With no speeidi, since the -rectifier valve of the control 
amplifier is then passing no feed, the grid of the keying valve 
is at positive potmitial and a heavy feed flows through the 
keying resistanoe, causing the fourth stage to be cut off, and 
thus preveoiting radiation of the carrier. When iqieedi is 
apidied the reefer ta^ feed, the keying valve |pnd is backed 
off negative, tiie curzmt throng the resistanee is stopped, and 
the circuit drives in the notinai mannw. 

lb will be realised that it is not dMrable sorit a rirouriehould 
cut the carrier m the intervals between syllabltSHOf apeedi. 
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and to prevent this a time constant circuit (shown in Eig* 
306) is provided whose constants can be arranged snch that 
only for “ pauses *’ will the carrier be suppressed. 

A difficulty is introduced at the receiver by the employment 
of quiescent-carrier working at the transmitter. The normal 
type of automatic gain control depends upon the carrier for 
its ox>eration. If, therefore, the carrier fails, the gain control 
will push up the amphfioation to the extreme limit, thereby 
raising the noise at the receiver output to a very high level. 
Since no speech is being received at the moment, this might not 
appear to matter, but this noise passing along to the terminal 
equipment is liable to look the suppressors in the “ receive ” 
connections and prevent transmission. 

One solution is the use of a similar arrangement to that 
employed in some broadcast receivers in order to prevent an 
irritating noise from the loudspeaker when tuning between 
stations. All the stages of the receiver following the gain 
control are kept paral3n9ed unless a signal of a certain minimum 
strength is picked up. This is more difficult to do on a com- 
mercial short-wave receiver because the minimum signd 
strength it is required to receive is so much smaller than in the 
case of a broadcast receiver. 

The Compandor System.* The name of this system is a 
compound of compressor and expander because at the trans- 
mitting end of the circuit the amplitude range of the signal is 
compressed, whilst at the receiver it is expanded again. The 
object is to improve the signal/noise ratio and, as this is poorest 
when long waves are used, the method is only used at present 
on the long wave trans-atlantic circuit but is included here for 
completeness. 

In order to obtain the best signal/noise ratio it is evidently 
necessary that the transmitter should always be fully modu- 
lated. The strength of speech arriving at the terminal 
equipment from the two-wire circuit naturally varies greatly 
with the type of connection and peculiarities of subscriber. 
It is estimated that on an ordinary telephone system there is 
as nxueh as 70 dbs. difterenoe of levd between a consonant as 
rendered by a soft-voiced speaks and a vowel spoken by a 
loml-vc^oed one. 

Manual adjustment at the terminal equipment is always 
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resorted to in order to adjust for widely differing subsoiibers, 
and this reduces the amplitude range to something like 30 dbs. 
but cannot, of course, allow for sudden changes or the very 
different energy levels of different syllables. It follows that 
on a drouit where the signal/noise level is poor, if the highest 
level portions of speech fully modulate the transmitter the 
lowest level (but vray significant) portions may fall below the 
noise level. 

In the Compander System the difference in level is reduced 
to about 16 dbs. by the compressor and then expanded at the 
receiver, usually to the original amplitude range. 


Sf » 
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The drouit of the compressor is shown in Eig. 306. The 
valves W are used as variable resistances and it will be seen 
that if their resistance is decreased, the voltage available at 
the output fi>r a givmi input will be decreased. The valves are 
set on tiie curved portions of their diaraoteristios so that Rg, 
tihe anode-filament resistanbe, is inversely proporticmal to 
If the output voltage at a given time is Eq, then this may be 
written Ki E* E* wl^ E, is the input voltage whilst Kx is a 
oomtant depmdent upon the tranMormer and resistances 
BRRR. Edo, tiie value of the D.C, output from the linear 
rectifier, is g^ven by E^ and 

1 . _JL_ 

e.e.Eo 
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Substituting this Talus for Bg in the first equation for So 
gives 

^ ot So VeT 

Hence, if the level of Jt^ varies from tune to time by 30 dbs., 
the level of Eq will vary by only 16 dbs. 

The resistance-condenser combination in the rectifier output 
has a small time-constant so that the compressor works at 
about syllabic frequency. 



The expander ciroxut used at the receiving end is shown in 
Fig. 307, and it will be seen that the valves are biassed to the 
curved portions of their charaoteristics and that a portion of 
the input is rectified and reduces this bias. The amplification ' 
of the received signal will, therefore, be approximately pro- 
portional to the amplitude of the input and hence the ampli- 
tude compression of the transmitted speech will be removed. 

It will occur to the reader that the use of the curved portions 
of the valve characteristics is. likely to result in the production 
of tmwanted even harmonics. This is prevented by the use of 
push-'pull cirouits. 

Privacy Systems— A General Discussion. Although 
notiungseems eadmr than the aoddental production of unintel- 
ligible speech, yet when we wish to render speech unintelUgiUe 
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to all except one qteoial receiver the matter becomes difficult, 
and to give successful results requires an elaboration of 
apparatus. 

The special methods of working which have been discussed 
in the previous section do provide in themselves some measure 
of privacy if undistorted speech is applied to the transmitter, 
as any one equipped with simple receiving apparatus would 
need to have very fine adjustments if they wished to pick up the 
transmission with any degree of intelligibility. These methods, 
however, can hardly be regarded as secret systems in them- 
selves. 

The privacy systems most used are voice firequency systems 
situated at the terminals of the circuit and are, in fact, equally 
applicable to line working if desired. 

By a suitable arrangement speech may be “ inverted,” that 
is low frequency components of the speech become high, and 
vice vfflrsa. 

An alternative is to separate the speech fi»quencies into 
bands by means of sharp filters and then change the firequendes 
so that the various bands are transposed. This is termed 
” scrambling.” 

Privacy systems have also been developed in which a varying 
delay is introduced so that the- syllables of the speech are 
transmitted in the wrong time order and are shifted back at 
the receiver by a synchronised device. These systems have the 
disadvantage that they increase the transmission time of a 
circuit in which they are used. 

These methods require elaborate apparatus, but the 
same apparatus can be used for both directions of speech, 
by a suitable arrangement. If reference is made to the 
complete drouit of F^. 297 which shows the Post Office equip- 
ment, it will be seen toat this is accomplished in the following 
way. 

It will be noticed that in addition to the privacy equipment, 
additional singing suppressors BS^, are necessaryi and 
also a second hybrid. The (xmtrol fi» the recdving suppressor 
BS^ is linked in paraUd with the first receiving suppress^ 
B8i, and the control fin TS, is linked in parallel widi 
Tins means that wheti B8t ia dear so ia and TSi axtd 
T8t wifi be blocked. This is tihe ocmdidoa for incoming speeiffi. 
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Thus speech from the wireless reoeiT<ur passes through iwH 
from the hybrid through the privacy equipment, which inyrats 
it, and into the terminal in the ordinary way. The connectiion 
from the output of the privacy equipment to the suppressor 
T8^ can do nothing, because TS^ is blocked. 

Considering the condition when transmitted speech is 
operating the gear, both suppressors RS^, R8^ are closed and 
T8i, T8i are open. This means transmitted speech passes up 
through the hybrid to the privacy equipment, is inverted, and 
the inverted speech passes through the fransmitting suppressor 
T8t to operate the main transmitter. 

Privacy by Inversion of the Whole Speech Band. 
If a speech wave having frequencies extending from 260 to 
2,760 cycles be used to modulate a 3,000 cycle carrier, then two 
sidebands, 260 to 2,760 cycles and 3,260 to 6,760 cycles are 
formed. If now we select the lower sideband it will be observed 
that the speech is “ inverted,” for it is the 2,760 cyde com- 
ponent of the speech which produces the 260 cycle ^quency, 
whilst the 260 speech component produces the 2,760 cycle 
frequency. Notice that if we had inverted speech and used 
this to modulate the same carrier, then sdection of the lower 
sideband as before would lead to straight speech. Thus a 
single piece of inverter apparatus could be used for the dual 
purpose of inverting or re-inverting speech. 

■ Fiivacy systems utilising this prindple have been developed, 
and are in use, but the simple method of inversion indicated 
above is not usually adopted at the moment for the higher 
grade apparatus becaiue of the difficulty of separating the 
inverted speech from the original speech and from the 3,000 
cyde carrier. -Instead, a double modulation system is used, 
for example, the speech may initially modulate a carrieor of 
13,000 cydes per second, and if the speech froqumicy is repre- 
sented as 8 cydes per second, resultant froquendes of 13 — 8, 
13, and IZ + 8 kilocydes per second will be obtained. Of 
these 13 — 8 and 13 are suppressed, and the remtdning side- 
band, 13 -f- /S kilocyoles is used to modulate an <M 0 illator 
having a .froquenqy exactly three kilo( 7 oles per second in 
excess of first oscillator, that is, 16 kilocydes. 

^us die output from tito second modulated osdllator will 
consprise frequencies of 3 — N, 16, and 29 N kfiocydes pw 
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second ; the two latter are suppressed, and the remaining side- 
band forms inverted speech. This is again seen to be a low 
frequency band, and is used to modulate the outgoing high 
frequency system in the ordinary way. 

By such a double modulation system the original speech can 
be completely cleared from the system, and the design of 
filters for separating the various sidebands becomes more 
easily possible. 

Such a method of inversion is not entirely secret. If an 
ordinary receiver of the self-oscillatmg detector type be ad- 
justed to oscillate 3,000 cycles below the incoitdng durier, 
owing to the selectivity of the receiver circuit, the lower side- 
band terms will predominate and the interfwence beats with 
the receiver carrier will cause inversion, although, of course, 
a strong 3,000 oyde tone will also be heard. 

Interception in this way may be prevented by wobbling the 
carrier frequency of the wireless transmitter about ± 500 
cydes at a very low rate, usually two or three times a second. 
This prevents te-inversion by the method just mentioned, but 
m^es no difference to reception by the proper method wherein 
the carrier is eliminated at the detector as usual, and privacy 
equipment used tc> re-invert the eqteech. 

It will be appreciated that the above method of privacy is 
of no use if applied to a sin^e sideband transmission because 
merely shifting the re-introduced carrier by (in our example) - 
3,000 cydes, will make the speech normal. Additional privacy 
by wobbling the carrier frequency is no longer possible unless a 
synchronous wobble of suppressed and re-introduced carrier 
can be managed. 

Pdvacy by Speech ** Scrambling.** This is best illus- 
trated by an example, shown schematically in £tg. 308. The 
speech (assumed to have a band-width of 0 — 2,800 (^des) is 
applied in paraltel to four modulators, Mx, if«, each 

of which combines the ^eedi with the output of eitiier its 
assOdated A or B oscillator. The output of each osdUator is 
applied to a filter, P, which in every case has a pass band 
of 10,000-10,700 (^des. 

Sui^Kiee A| is in use, then ddebands 10,000-12,800 and 
10,000-7,200 cydes mill be produced at but the 
frae^ueneieB 10,000-10,700 cydes will paw 3^ output from 
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1 is due, therefore, to those components of the input speech 
which had frequencies between 0 and 700 cycles t-l'**^* 
oorpponents axe “ upright,” that is, the lower input frequencies 
are still the lower frequencies. 



NUMBERS ARE KILOCyOES PER SEC. 
FiaiTBii SOS. 


Now suppose is in use. Sidebands of 11,400-8,600 cycles 
and 11,400-14,200 cycles will be produced at Jf, and 10,000- 
10,700.0!yol6B only will be passed by so that the output at 
2 is due ta Qomponents of the speech having frequencies between 
700 and 1,400 cycles, but because the loyrer sideband has been 
seleotedj these components ate “ inverted.” 
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In the same way the remaining two airooits will deal with 
tile rest of the speech components, the outputs being “ upright “ 
or “ inverted ’* according to whethw the A at B oscillator is in 
use, and dl four outputs, each containing different components 
of the speech will have frequencies between 10,000 and 10,700 
cycles. On this account it is possible to “ jumper ” any output 
of this stage of the privacy equipment to any input of the next 
stage, but in order that an identical equipment at the receiver 
shall re-convert to plain sjieeoh, it is essential that the " jumper- 
ing” be complementary to the two equipments, that is, if 
1 is connected to 4' in one equipment, then 4 must be connected 
to 1' on the other equipment, and so on. The speech must, 
therefore, be split into an even number of bands. 

The second portion of the equipment consists of four detec- 
tors, jDi, Dj, D„ Bt, each having an associated oscillator Ci, 
Ct, (7, and the frequencies of which are arranged (as shown 
in Fig. 308) to produce speech frequency bandp between 0 and 
2,800 cycles when the inputs to the detectors are all 10,000- 
10,700 cycles pw second. 

If the arrangement shown be adopted, the output from 1 
will comprise frequweies 2,100-2,800 and a series of dis- 
tortion terms. The band 2100-2,800 is selected by Ft and 
hence these frequencies appear in the output due to compo- 
nents of the input between 0 and 700 cycles. Similarly, the 
other speech frequencies may be followed through the equip- 
ment, and it will be seoa that the output to the line occupies the 
frequency band 0-2,800 cycles, but that the relationship be- 
tween the original and output frequencies is most disordered. 
An "eavesdropping” receiver requires not only daborate 
equipm«it, but also a knowledge of the " jumpering ” and this 
can be frequency changed. 

It is necessary to assure ourselves tibat an identical equipment 
will give us dear speech at the output if the distorted speech is 
fed into the input. Suppose we trace the ordinal speech 
frequencies between 700-1,400 cycles. These left the trans- 
mitting privacy equipm«it as frequencies from 1,400-2,100 
oydes, the band being “ inverted.” This band of ^quendes 
on readnng :toe receiving privacy equipment is eombined in 
Jf t and Rs to a of 10,000-10,700 oydes wladi is 

re-inverted, but still contains the frequeui^ band 1,400-2,100. 
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This is combined at 2>, with the output of C, and the firaquenoies 
1,400-2,100 cycles are changed to 700-1,400, freed of distm* 
tion by the filter and pass to line as the original band. 

It should be pointed out that this particular method is not 
in general use. 

Associated Measuring Apparatus. (See Eig. 309.) In 
order that wireless telephone channels may be efficiently worked 
it is highly desirable to include in the terminal equipment 
certain measuring apparatus, so that the performance of the 
circuit from day to day can be expressed in a more or less 
quantitative way and any preventable deterioration corrected 



for. The use of such apparatus also assists greatly in the 
localisation of defects or breakdown. 

An oscillator will be necessary as a source of power when 
taking measurements and will be used for the preliminary 
“ lining up " of the whole circuit. 

' The oscillator will usually be of the heterodyne type, that is, 
the output note is produced by combining and rectifying the 
outputs of two high frequency osofllators, one of these being of 
large amplitude and the other small. By this means an output 
nearly free from harmonics is obtained and a wide range of 
output frequmioies may be obtained by a small adjustment of a 
variable, condenser of moderate sise iii one osdllator. 

The oscillator output will be fed through an amplifier having 
a^justaMe gain into tlie transmission xneasuring set. The 
fil^ portion of contains a thermal milliammeter and a 
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network so that this portion can be adjusted to be the equiva- 
Iqnt of an alternator having an internal resistance of 600 ohms 
(and no reactance) and giving an output of 1 milliwatt. Follow- 
ing tiiis is a network of resistances which may be adjusted so 
that the final output level can be reduced, usually in 1 db. 
steps, the resistance remaining at 600 ohms. 

The next part of the measuring apparatus to be oonddered 
is the valve voltmeter. The input to this can be arranged to 
be of high impedance so that it may be bridged across a circuit 
without disturbing it. A variable, calibrated, attenuator is 
followed firstly by an amplifier, then by a rectifier, the output 
of which is shown on a moving coil milliammeter. 

These components may be used together in a variety of 
ways. The valve voltmeter is calibrated by producing a 
known power output from the transmission measuring set and 
applying this direct to the valve voltmeter. The attenuator is 
adjusted to give a certain reading on the rectifier milliammeter. 
If now the loss (or gain) in dedbels ocomring in a certain portion 
of the terminal equipment is to be measured, the output of the 
transmission measuring set will be applied to the valve volt- 
meter via the apparatus tmder test and the attenuator adjusted 
till the rectifier milliammeter reads the same as during calibra- 
tion. The diffmrence in attenuator settings for test and 
calibration evidently gives the loss (or gain) in decibels occur- 
ring in the apparatus under test. 

If the gain (or loss) in the whole wireless telephone circuit 
is to be measured then the transmimion measuring set at one 
terminal point will be adjusted to give a known output and 
this applied at the desired point in the terminal equipment. 
The received signal will be measured by the valve voltmeter at 
the other terminal point (after cidibration by means of the 
transmission measaiing set at its own terminal). 

We have so far only considered measurements conducted 
whmi a pure tone is in use but evidently measixcements of levels 
when eqieeoh is passing aloi^ the drcuit will be necessary and 
it is also desirable we should be able to measure the noise level. 

noise level may be measured on the valve voltmeter in 
the same way that ppe tones are measured, except ^t the 
instrement pdnter be ratiber unsteady due to fluotoatloBS 
iahdseiatmiBity. 
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In ordnr to monitor speech, levels enoh terminal equipment 
will include one or more volume indicators. These may 
consist of a single-stage amplifier having a high input impedance 
followed by a copper-oxide rectifier and moving coil mUliam- 
meter. The miUiammeter is scaled in dedb^ below or above 
a reference level, the calibration having been obtained with 
the aid of an oscillator and transmission measuring set, or 
similar equipment. The voltune indicators may be plugged 
across various points in the incoming and outgoing circuits and, 
though calibrated by means of a pure tone, give useful direct 
indications of speech and noise levels. They will not be so 
accurate as the valve voltmeter previously described since they 
depend upon the permanmioe of an amplifier. 

The measurement of speech level cannot be made in the 
same precisely defined units as the pure tone measmrements 
because the speech varies so rapidly in intensity. All that can 
be done is to adopt some definite, even if quite arbitrary 
method of measurement so that tests taken at different terminals 
which work together may be comparable. 

Operation of a Circuit.^^ It may be of interest to out- 
line the methods of operation and control adopted by the 
British P.O. at their London terminal. 

Each set of terminal equipment is in charge of a technioal 
ox>erator who, in association with his colleague at the other 
end is in control of the channel. 

The actual connection of subscribers, etc., is carried out by 
trafiGic operators in the Radio Section of the International 
Telephone Exchange which adjoins the terminal. The switch- 
board equipment and method of operating is very similar to 
that of an ordinary trunk exchange except that the calls are 
supervised throughout in order that extra time may be allowed 
if dreuit conditions become bad. 

Order wires extend from the technical operator’s position to 
the traffic opeirator and to the wireless trahnuitting and 
receiving stations. 

About half an hour before a service is scheduled 'to be 
availahfei ^ teansmittm, etc., are started up and the two 
technical ' operators get into touch with each other, the 
prelimintey calling iMing usually by tone telegraphy. The 
circuit is then “ up ” by passing a pure tone ^m the 
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osdllatars at each end and the reading of the volume indicator 
aoFOBs the outgoing line when the transmitter is fully modulated 
noted. The noise level is also measured and the singing 
suppressor adjusted accordingly. 

The traffic opeimtors are now notified that the circuit is 
available by an arrangement of coloured lights which show 
whether the circuit is fiilly available or cannot be satisfactorily 
extended by long line cirouits. This latter condition may arise 
if the signal/noise ratio over the wireless drouit is unusually 
poor. 

The technical operator can li^t up calling lamps on the 
traffic operator’s position if the distant terminal is calling. 
This is necessary since the traffic operators are not attached to 
any particular channel, whilst the technical operators are 
always on duty on thdr particular channel. 

As different subscribers are connected to the circuit the 
technical operator wiU adjust the gain of the transmitting 
amplifier to keep the wireless transmitter fuUy modulated at 
the peaks of speech. This is very important since if the trans- 
mitter modulation falls off seriously the noise level at the 
receiver will become poor. 
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CHAPTER XVII 


COMUBRCIAL TBANSMITTBKS AND dBOmTS 

The design of a shorfc wave transmitter varies very consider* 
ably, depending upon whether it is for general purpose work 
or point-to-point omumeroial communication. Generally 
speaking, the former will be of small power, it need not pro- 
duce an extremely constant frequency, but it will require to 
cover a wide range of wavel^gths. . It must be provided with 
means for rapid “ changing over ” and will have to be designed 
to work on C.W., tone-modulated C.W. (i.e. I.C.W.), or 
telephony. Such a set will be suitable for ^p installationB, 
'and services where very high speeds are not required but 
flexibility is important, and low prime and running costs a 
consideration. 

It is with Hie large transmitter that design has undergone 
considerable change. This is largely because of the higher 
performance that is called for, and the fact that there is a 
growing demand for greatly increased powers on short waves. 
Whereas a few years i^o, 60 kW was considered to be an 
adequate power fta a short wave transmitter for any purpose, 
powers now are ranging to above 100 kW. It may be of 
interest therefore to indicate briefly the type of jqieoification 
that such a tranEraitter has to meet, before giving a brief 
description of a high power transmitter, similar to that installed 
in the Empire Broadcasting Station at Daventry, 

The B.B.C. qteoifioation required an output of 100 kW 
unmodulated, at wavelengths betwemi 30 and 80 metres, and 
76 kW at 13 metres, rising to 100 kW at 30 metres, and that 
a quick change to any of four pre-determined fiiequendtos 
riiould be possible. Crystal osciiiaten maintaining the £te- 
qoenoy to within :ib 1 in 100,000 were to be provided for 
eaoh oi eleven opeiaHng frequencies to be jqiedfled. In 
addition, a resonant cirouit valve oaofflator "Waa to be provided 
to oaable other frequendea to be obtained, if deaited, the oon^ 

612 
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staacy required for this bemg within d: 1 in 26,000. The 
soint&lation during modulation to be less than one cycle, with 
80% modulation. 

It was further specified that the R.M.S. sum of the harmonic 
content on any frequency of modulation should not exceed 
4% of the voltage of the fundamental frequency when the 
depth of modulation was 90%. The frequency response was 
to be constant to within ± 2 db. from 50 to 8,000 o/s. 

Marconi 100 kW Short Wave Broadcast Transmitter. 
Diagrams of connections for a transmitter to meet this 
specification are shown in Figs. 310 and 311, and constructional 
details can be observed by reference to the views of the trans- 
mitter shown in Figs. 312 and 313. 

Crystal Unit. The crystal maintaining circuit. Fig. 310, 
which is of the Pierce type but employing a pentode valve, 
the valves, and eleven crystals, one for each of the eleven 
“ spot ” waves, are all housed' within a common temperature 
controlled chamber. The crystals which are of the cubic 
type are mounted on a turntable which can be rotated by 
means of a handle external to the chamber. Associated with 
the crystal circuit is a pentode Violator valve, whose output 
circuit can be adjusted to select the 3rd or 4th harmonic of 
the various crystal frequencies, the harmonic frequencies so 
selected coming within a frequency range of 134 kc/s to 100 
kc/s from which the final frequencies will be selected, after 
multiplication, through the harmonic amplifier. 

Harmonic Amplifier. In order to provide for a quick 
wave-change five independent frequency-multipliers and am- 
plifiers are provided forming the harmonic amplifier tmit, the 
connections of which are shown in Fig. 310. The first three 
stages of each unit employ pentode valves and are used for 
frequency multiplying frx>m iite selected crystal frequency, but 
the last three stages employ ixiode valves and are amplifying 
stages, arranged to deliver an output of about 120 -watts on the 
final frequency. A selector switch enables any of the individual 
circuits to be connected through a feeder to the intermediate 
ampM^, shown in Fig. 311. Four of the harmonic amplifier 
oirouita set up for the four spot waves, whilst the fifth is 
availabls to work with the flexible-fiequenoy master oscillator. 
The whole of this apparatus is built in duplkate. 

8 
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ILEVEN CKYSTAL MIVCS IN MEUCATC 
AND ASSOCIATED AmUUTUS 


(a) 


WuiQwam, 
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Intermediate and Final Amplifier. It would obvioualy 
be quite unecononuo to duplicate the high-power stages in 
the same manner and a normal switching . qrstem does not 
give a siiffioiently compact lay-out where hffge powers are 
oonoemed, owing to the l^igth of connecting leads involved. 
Previously adjusted “ plug-in ” coils could be used but they 



FievBa Sll. 


axe an inconvenient and inele^uit solution, and the adoption 
of a turntable limits the number of drouits that can be pre-set. 
The solution in the ipmsmitter being described is an ingenious 
(me. A railway txa^ is provided behind Ihe transmitter and 
the anode and grid inductances axe mounted <m trucka to- 
gethm? with the complete coupling cirouit to the feeder. As 
many oi chcuits as are (xmsidered neoewary can therefore 
be provided, and the method has the advantage that n(me of 
the iifie ciracdte remain in the hi{^ fire<}uen(^ field of the 
tsMunmifeter, and the cirouite not in use can be re-set to any now 
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frequency whilst the transmitter is working. When the appro- 
priate taruok is run up into the transmitter, the track ensures 
exact alignment of the contact system which is of a special 
design of a vice-grip type ensuring a very low-resistance 
contact. This airangemeat of drouit trucks is employed for 
the last three stages of the transmitter, but whereas the final 
stage has a truck to itself, the two previous stages have drcuits 
which are mounted one above the other and thus share a 
truck. A view of one of th^ trucks is shown in Fig. 313. 

An unusual mechanical feature of design is that the movement 
of variable condensers, feeder coupling, etc., are controlled by a 
hydraulic ram, this giving a very smooth control and Tnalring 
tbs' position of the various components quite independent of 
the control-lay-out of the firont-panel. 

The amplifier drcuits (Fig. 311) are conventional triode 
balanced bridges as discussed on page 279. Thus considering 
the final stage (Fig. 311) L^, L^, tuned by its condenser, is the 
grid input stage ; L,, the output drouit inductance tuned by its 
condenser, the 'bridge being balanced by condensers C^. The 
grid reactance condensers (the purpose of which was dis- 
cussed on page 281) are shown as C, and the filament 
reactance chokes and condensers are indicated by CH^, 
and 

As mentioned in a previous chapter, the stability and 
effidency of a short wave transmitter depends, not so 
much upon the electrical drouit adopted, as Upon the 
mechanical lay-out. Thus, the valves and drcuits together 
must form a symmetrical group to earth, stray capadties must 
be reduced to a minimum, coimeoting leads out to a ne^figible 
length, and ooupUng between the grid and anode circuits elimin- 
jated. The anode-circuit tuning inductance must be kept as hi|^ 
as pcMsible and therefore the circuit tuning-condenser as small 
as possible and all conduotcnr surfEMses at high potential must be 
suffic^tfy rounded to avoid brushing or tordi discharges, 
insulators must, wherevmr possible, be kept outside the h^h- 
fireqtunoy field, and the dimensicms of all oonduotms most be 
sufficient to carry the large cuimite that wifil be obtained <m 
dkcfft wa^ at h^ ^wets. Thus trith the jpreeent set^ t^ 
main ain|ffifier HJ*. drouit at 13.6 iUetacee vrUl have a 
voltage <^ 20,000 when ddiveriqg fiffi unhiodulated ooitput. 
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and an B.M.S. current of 240 amps., rising to 300 amps, on 
100% modulation. The grid H.F. current on this wavelength', 
is of the order of 120 amps. 

The mechamcal lay-out of the main amplifier is shown in 
Figs. 312 and 313 which illustrates a number of the points 
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mentioned^ . The circuit is built around two water-cooled 
triode valves of tiie CAT 17 type and finom Fig.' 312 it is ob- 
served that the valve jacket is bolted direct to a plate which 
servea both as one plate of the timing condenser and as one • 
plate of 'the ludaiioing .condenser, the other plates of those 
oondeniers beii^( ladioated in the figure^ The thicdmess of 
these condenser plates is to be noted, tbe object being to make 
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possible a laige zadras of ourvatuze at the edges, thus avoiding 
oozona disohaxge. In spite of theiz appazent massiveness the 
actual capacities as measuzed aczoss the diagonals of the bridge 
are quite small, namely 120 nfiF, this zejnesenting the total 
capacity and thus zequizing 4 ^Hys to tune the. amplifier to 
the shortest wavelength, namely 18 metres. 
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The grid tuned-dzouit is behind the sereening box shown m 
Eig. 812, which is cut away only to allow the giM input drouit 
to make connedhm to the gcM seal of the valve, which takes 
the fioim of a ocHn|dBte copper zing having an ample cnrxent* 
carrying <»padty fat the large HJ*. asrtmt passing to the 
valve ^id. The valve and ocmdenser asaemldy is movmted 
on a boxHdiaped tasniating pedertal of myealex. 

Ihe dbe^ of the {pckl anode tr»ok<n9nnn^ 
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is seen from Fig. 313 which shows the 16>metie tradk. The 
anode inductance consists of a group of horizontal tubes 
(four only in this case) cross>oonnected by tubes which can be 
flid to the position required for tuning, suppcHrted from the 
vertical busbars by mycalex insulation where necessary, the 
ends of the inductance being connected directly to the busbars, 
these latter being mounted on pedestals of mycalex. Between 
the turns of the anode inductance will be seen the output 
coupling inductance bolted to the tuning condenser which is 
supported oh a separate pedestal. Examination of the layout 
will indicate what a small amount of insulating material lies 
within the H.F. field. 

The grid-circuit txming inductance is carried on two pairs of 
cuTTed mycalex supports above the anode-circuit busbars, and 
in Fig. 312 will be seen the short length of cross-over arms from 
the balancing condensers rising vertically through central 
vertical column. 

The particular transmitter built for the B.B.C. employs a 
series modulator, but the transmitter can be arranged equally 
weU tot Class B push-pull modulation. Both systems have 
been described in Chapter XIII, but whereas series modulation 
employing the cathode-follower drouit is almost free from^ dis- 
tortion as it is a 100% negative feed-back circuit, it is usual to 
incorporate a n^ative feed-back circuit when a Class B modu- 
lator is used. 

In the case of a series-modulated circuit, since the modulators 
operate at high power and in opposite phase to the H.F. 
amplifiers, the loading on the main power supply u constant, 
and in consequence there will not be any tendency to scintillate 
during modulation. But with a Class B modulator rapid 
fluctuations of load will be experienced at modulation fre- 
qumdes and in consequence scintillation will occur unless 
precautions are taken to avoid it. These involve the use of 
filters in the anode circuits of the modulators to smooth out 
<ih«> A.C. components of the speech, and the use of low reactance 
siQ>ply circuits. 
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HIOH-FBEQtTEKCV THEEAPXUTIO AFPAKATtTS 

Fob the benefit of readers unreraed in medical terms, we 
may say that “ therapy " is defined, in a delightfully vague 
manner, “ as given to that branch of medicine which deals 
with the means to prevent or ctire disease, or to control and 
lessen its evil results, if a cure is impossible.” Thus, the homely 
hot-water bottle is probably the simplest piece of therc^utic 
apparatus, since it is well known that warmth is the greatest 
assistance in practically every kind of ailment, and therefore 
any treatment which induces heat may claim to be called 
therapeutic in action. 

Artificial methods for inducing heat within the body have 
been sought by the physician throu^out the ages, but it was 
not until well after the beginning of the present century that 
the use of currents of radio frequencies became an established 
method. Of course for many years previously the effects of 
“ Faradic ” currents, so called by the medical profession, had 
been widefy studied, and the “ shock-coil ” tijeatment for 
stimulating the nervous and muscular reactions had been in 
common use. 

It was D’Arsonval who showed that the application of 
current having frequencies above 500 kc/s had no “ Faradic ” 
effect, but that such currents had a certain therapeutic action, 
although at the tinw he did not associate this therapeutic 
action with heat. 

The recognition of the heating effect of such frequencies 
and the possibilities of their use appears to have be^ established 
first by Nagteschmidt, and he is responsible for introducing 
the now ouixeat term for this kind of beat treatment — 
diathermy— the name implying a heating throu^ ” of the 
tissues, as distinot from a mere surface heating such as is 
pioduoed by an external abdication of heat. 

620 
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Until fiiirly recent tinjes the only diathermy apparatna 
available has been designed to opraate on wavelengths of the 
order of 200 metres (1*6 Mo/s). Recently, however, much 
shorter waves (down to about 2-6 metres 120 Mo/s) have been 
employed. Hence modem diathermy can be classified as : 

(а) Medium-wave diathermy, also called conventional 
diathermy, or simply “ diathermy.” 

(б) Short-wave diathermy (the name now generally 
considered to be most acceptable), which has also 
been described as “ ultra-short wave therapy,” ” radio- 
thermy,” ” parathermy,” “ neothermy,” and “ short 
diathermy.” 

It should be noted that the classification by wavelength 
(rather than frequency) is rather illogical because such wave- 
lengths only exist in an unwanted by-product — eradiation into 
space — ^but the terminology is so well established that it seems 
necessary to foUow it. 

It is not within the compass of this chapter to discuss the 
various medical applications of diathermy apparatus, which 
are treated in various books on the subject but it may be 
presumed that, in general, the heating produced is merely an 
aid to the natural process of the healthy tissue to rid itself of 
infection. In some oases where the lethal temperature of the 
infection is low, the heat produced has a most potent efiect, 
but even when the heat cannot be raised to that temperature 
necessary to “kill,” its action together with Natme’s own 
reactions can effect a cure. And in the many oases where no 
cure ban be obtained, such as those of rhemnatic and muscular 
type, relief fiom pain can be effected in many cases. 

The ordinary diathermy apparatus, in addition to being of 
use for straightforward heating treatment, is employed, to a 
less degree, for surgical operations, that is, for the excision of 
tissue, either by coagulation, desiccation (that is dehydrating 
the tissue), or by the use of an uo fiom the end of a pointed 
eleokrode which takes the place of the surgeon’s knife. These 
uses^ however, axe more or tess surface effects, and we shall not 
be oonoeamed with them in the future disoussioh. 

In 1&26-26 short and ultra-short waves began to attract 
attehtk>h and oaoe then a oonsiderable amount of eleotro- 

8 * 
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medical work has bemi done on wavelmigths between 3 and 30 
metres, mostly in Germany and America, and the literatnie on 
the subject is very extensive. Unfortunately, however, much 
of the earlior work of responsible electro-medical research 
workers was vitiated by the too hasty conclusions of men who 
either allowed sensational journalism to exploit their early 
efforts, or published the results of immature work with mis- 
leading conclusions. In spite of the similar experiences of 
early workers in medium-wave therapy and the well established 
fact that such currents produce only a heating effect, efforts 
appear to have been made to try to believe that ultra-short 
waves produce all kinds of specific effects other than heat, 
including atomic and molecular changes. It is curious how 
histmy has a habit of repeating itself. Dr. Cumberbatch 
observes in his treatise on diathermy, “ The h37pothesiS that 
they (i.e. medium wave effects) are due, partly or wholly, to 
some other action of the current, as for example, ‘ massage of 
the protoplasm ’ by the. oscillating ions, affords no guide to 
the selection of the maladies suitable for treatment. It must 
be rememb«ed that the inability to find explanations — other 
than tiiose which themselves require explaining — of the method 
of action of high-frequency currents on the body in the days 
when they were first used caused high-frequency treatment 
to fall into a * slough of despond * firom which it was only 
rescued when it was established that the therapeutic effects of 
these currents were doe to the production of heat.” It would 
almost appear that short wave therapy may be going through 
a “ slough of despond.” 

Since the various specific effects attributed to ultra-short 
waves are now consideied to be non-existent, there is no point 
in oatalogning them, but it may be of interest to give a few 
examides of htecature, from a Ck>ntiniental source, whidi 
revolved around this research work a few years ago, and which 
can be offered without comment : 

“ 13ie equilibrium the wave radiation renders possible 
the building up of protoidasms. Protoplasm is notibing but 
rimpie dynamio maohiaeiy which is as little mysterious as a 
ihodem iaternal-eombustkm engine. If we wish to increase 
the activity of the brain, we must vary tim wavedengtha of 
the life in such a way that the percentage of the iduirt 
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vwn emanatioii inoreases with the oxidation prooess of the 
brain.” 

The notedioal man of the coming century will be the radio 
mechanic of the human body, by this means he will be able 
to determine earlier the onset of a disease and be in a position 
to prevent it. On this basis it will be possible to effect an 
absolute cure of pulmonary tuberculosis and diabetes and 
completely to investigate the secrets of cancw.” 

“ The complete disclosure of the secrets of cancer is said to 
be in progress in Berlin. It has now been found that ultra- 
short wave wireless waves exerdse an annihilating effect on 
human cancer tissue.” 

“ In the . course of events therapeutics has arrived at short 
wireless waves. On the basis of previous indications the 
observations made probably signify a landmark in the domain 
of therapeutics. As the human body shows electrical oscilla- 
tions, all those disorderly oscillations which proceed from a 
disease will be eliminate by the corresponding number of 
oscillations.” 

“ The Mysterious Power of the Wavdength of 3 -66 Metres. The 
rays which have penetrated the organism will according to 
their wavelength besides the thermic effect also exercise an 
annihilating effect on the cells of the idcer ; and this effect 
concerns us here. The effect is strictly dependent upon the 
wavelength, it turns upon minimum differences. Thus the 
wavelength of 3-65 metres is the most effective on cancerous 
cells, from 3'3 metres downwards, and upwards from 3*7 
metres the wavelengths are without effect. Other diseases 
of course demand other wavelengths, and the diffment types of 
bacilli axe also annihilated by different wavelengths. It is 
dear that the true value of ultrandiort wave therapy will only 
develop when we know, when and with what wavdength wmrk 
is to be dcme.” 

Unfortunately, in addition to journalistic c^orts of the type 
quoted, whi<^ usually do no hann to a scientific cause, technical 
writhigB also appeued (and stOl do) which made daims to 
having |nroduo^ results of die spedfic action of ultra-short 
waves which were not attributable to heat. 

In thl« country such work on short and uttra-short waves 
had not nmde nondi progress, although what little had been 
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done gave no support to there being any aodon which could not 
be explained by heat, but in 1936 the British Empire Cancer 
Campaign considered the matter of such importance that they 
organised a major research into the various claims made, as it 
was clear that if confirmation of these results could be obtained 
a new and important physical aid to the general problem of 
disease was at hand. 

The results of this research work, carried out by Dr. Frank 
Dickens *’ ‘ and others, gave, however, a complete refutation 
of any of the claims for specific action, other than heating. 
These investigators pointed out that it should be possible 
for the discoverers of these effects to describe at least one 
experiment which could be repeated, and remarked that the 
inconclusive evidence which had been presented is a very 
insecure foundation for the rapidly growing belief in specific 
short wave therapy. It is of interest to record that much of 
the inconclusive evidence has since been withdrawn. 

In a report to the Council of Physical Therapy (America), 
Dr. Franck Krusen ' has given a concise summary of the posi- 
tion, which indicates very clearly that as far as is known at 
present short and ultra-short waves are a simple diathermic 
agent, that there is no bacteriological, physiological, or specific 
effects, and that it is doubtful if there is any selective action 
of the different frequencies even as regards heating effect, 
though there will- be different problems connected with techni- 
cal design and application. 

This is not to say, however, that short-wave therapy is not 
of value. It most definitely is, but as far as present ^owledge 
extends it must be regarded as a simple diathermic aid, and 
it thus cmnes to a clear-out issue as to whether medium or 
short waves are better for such purpose. 

This is a matter entirely for the physician to dedde, althou^ 
it appears to be generally agreed that the short wave diathermy 
is rather easier of application as no actual contacts have to be 
made to the patient, its heating effects are mcoe tmifinm, they 
can be looali^ better and deepmr penetration can be obtained. 
The chief difilcidty ai^>earB to be in mea«irittg the dosage. 

We propMC imw to. discuss ihe genmal prdbibnn frtnn the 
du^hermy pmnt ni view idone. If we agree that the apf^Uoa- 
riou of h^ to an affected ai!ea is thebhjeet of the ti»atnai^^ 
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then the most important features of any apparatus will be the 
means for ccmtrolling the amount of heat induced, its direction 
to the affected part and, if possible, means for measuring the 
dosage. 

The Human Body as a H.F. Circuit. The human body is, 
evidently, very inhomogeneous, and the capacity and resistance 
between different points on its surface will be widely diSeient. 
The effective dielectric constant is, however, largely that of the 
saline solution which permeates the tissues and is approxi- 
mately constant at about 80. 

’ The effective resistanoe is much more variable and, moreover, 
is very difficult to measure in the case of living tissue. Measure- 
ments made on dead tissues will not be correct owing to the 
large influence that the permeating fluid will have in life. 
It is known, however, that fat has the highest resistance, 
whilst bone is fairly high. Skin, muscle, and the fleshy organs 
have comparatively low resistances, the lowest values occurring 
where the blood stream is heaviest. All resistances become 
somewhat less as the ficequenoy is raised. 

From the electrical point of view, the body is equivalent to 
a complex network of imperfect capacitances and resistances 
and its impedance will therefore be very different in a medium- 
wave system to what it is in short wave system. This is so 
because with medium waves it is the resistance of the body 
rather than the capacitance which determines the potential 
distribution and current flowing, whereas with short waves 
it is the capacitance of the body rather than the resistanoe 
which will determine the current flow. 

Medium Wave Diathermy. In this case it is necessary for 
the etectrode system to be in actual contact with the body. The 
series reactance of air-gaps between the body and the eleotsrodes 
would be too hi^ to allow of sufficient current flowmg. 

Although the average resistance of the body will determine 
the effective load-current flowing, the paths of the currents 
from one electxode to the other will depend upon the relative 
arrangement of the organs, i.e. whether they are virtually in 
series or in parallel. If they are in seriM, then the laigast 
voltage drop will be across that pt^ having the highest h.f. 
reristdmoe and this part will in consequence become most 
heated. On the other hand, if th^ axe in parallel, the part 
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having the leaet xesistanoe will have the greatest heat prodnoed 
in it, since in this case the ouixent value through the low resist- 
anoe path will be the greater. 

Since the actual body is a complex arrangement of series and 
parallel circuits, one portion of the tissue between the electrodes 
(^ten becomes hotter than the remainder, that is, selective 
heating tabes place. Any alarming rise in temperature of one 
spot is largely prevented, however, by the action of the blood 
stream, which carries heat away and fflousures its m<ne even 
distribution. 

Since the current will follow the low resistance paths wherever 
possible, it is found in many cases that heat cannot be induced 
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in certain organs which are surrounded by a low resistance 
path. For instance, ccnsider the example shown in Fig. 814 , 
where A is an organ surrounded by a hi^-resistaoce fat layer, 
which is a non-ccmduotor of heat, and surrounded agedn by a 
low-resistanoe, blood-stream area. It is clear that the h.f. 
current will be by-passed around the mgan A, even though 
the organ itself is of a low-resistance nature. 

Even if the body itself were homogeneous, this distribution 
of potentialB and currents (and thnefore of heating) would 
d^pMrd upcm the shape and positkm the electrodes one to 
^ othw. Thus, if the dectrodes were inoliaed at an aa^ 
to mae another, the greatest heating would occur where the 
eleetxedes were neAiest. H ohe large dectrode and erne small 
mie were uaed^ heating would be greateft in the nei^bourhood 
of the smaller <me. is teue whether lesitinaoe or capae% 
is ccaitrdling the ditidbidh^ 
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Thus in surgioal work a small area electrode is employed 
to produce such localised heat immediately beneath it that a 
volume of tissue immediately beneath the electrode can be 
raised to sufficient temperature to dehydrate the area, acting 
in a siipilar way to surgical cautery. 

Thus the art of diathermy is largely that of applying the 
ooireot electrode system in the correct mannmr to achieve the 
best results for the particular part it is desired to heat, and to 
adjust the dosage for maximuni therapeutic effect and not 
to overheat. As naay well be imagined, this is not an easy 
matter and must be the result of long experience. 

Medium-Wave Diathermy Apparatus. Since this is 
adequately treated in other text books and is hardly in place 
in this book, it will only be dealt with very laiefly. 

It is still quite common practice to employ a spark trans- 
mitter as the source of high-frequency currents. The con- 
siderations which have rendered the spark transmitter obsolete 
for wireless purposes do not necessarily rule it out for dia- 
thermy. It may, of course, produce very serious interference 
with communications, but the user has not — ^until reoen^ at 
any rate — ^had to concern himself with this. 

Spark apparatus will have the merit of simplicity and cheap- 
ness and less expense for replacements. It usually employs 
a multiple quenched-gap operating in coal gas, methylated- 
spirit vapour, or air. 

Valve equipments are now coming into use, but in most 
cases apply an alternating volta^ direct to the oscillator anode 
BO that a 100% modula^ wave is produced. A valve set is 
evidently simplified a good deal in this way, and as far as can 
be judged from the evidence available there appears to be no 
great disadvantage in the use of either the damped wave from 
a spark apparatus, or of a modulated wave for diathmmy 
work. 

It is certainly true that if the same dosage ” of a pure C.W. 
output and of a 100% modulated output is taken thim are no 
appreciable difletences of sensation or heating at frequencies 
ef 1 Mo/s ot hif^ber, but it has been stated that, when the 
limiring frequency of 600 ko/s is approached, differences are 
poceeptible, partioolarly whim eleotrocke are in imperfsot 
contact. There would appear to be mme difference between 
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spark and modidated C.W. than between modulated C.W. and 
pure C.W. 

Tbat there is no apparent objection to the use of a modulated 
wave is presumably due to the fact that at the powers necessary 
to induce heat no part of the body acts as a rectifier.. With 
powers sufficient to overload the tissue it is reasonable to 
assume that p rectifying action would be set up and low- 
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frequmicy currents would then be present. In consequence, 
some physiological action would occur which might or might 
not be humfiil. 

Short-Wave Diathermy. We have already seen that 
in this case it is the capacity of the body which is of importance 
in settling the cirncem and potentiiddiskributioit Thecapacity 
xeactMioe betwem the eleotrodes is quite low at these high 
fi^wsides. The heating is produced, of course, because the 
tissueaef the bwfy have Electric losses and also because ^y 
have finite redstanoe. 
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The zeaotaaoe of air-gaps between the electrodes and the 
body will now be quite low, and because of this it is no longer 
necessary, or even desirable, to connect the electrode system 
of a short-wave diathermy apparatus directly to the patient, 
but it may be coupled through the medium of condensers of 
small value. Various forms of such condenser electrodes, 
designed by Dr. SchUephake, one of the earliest workers with 
ultra-short wave therapy apparatus, are shown in Fig. 316, and 
these are typical of electrodes now in general use. As can be 
seen from the figure, the condenser plates themselves are 
movable within the glass insulating- 
cap, so as to allow of the distance 
to the body being varied at will. 

We will now consider the i)atient 
circuit further. If we assume that 
the coupling of the electrbde system 
to the patient is tight, as shown in 
Fig. 316, there will be no appreciable 
radiation field from the electrodes, 
and since the dielectric constant of 
most human tissue is the same 
(at = 80), we shall get a more or Fkiubii 316. 

less uniform displacement current 

between the condenser plates and hence across the patient, 
although of course the heatup internally of the difierent 
organs will still be a function of the losses within these 
capacitative organs^ 

It is because the current now is a function of capacitance of 
the body and not resistance that short-wave diathermy 
produces this more uniform heating, as it penetrates the deep- 
seated organs without difiSculty. The current is not by-pMsed 
around certain organs because a low-resistance path enoiroles 
them, as smnetimes happens at the longer wavelengths. As 
with the longer wavelengths, however, the shape, size and 
disposition of the electrodes will influence the path and intensity 
of the field. Dr. Sohhephake has stated that paraltel electrodes 
weB i^paoed from the body give the most uniform fidd 
throughoat the bod^, although o£ course a strong radiation 
fidd be i^resent with such wide qeadng and in consequence 
the field density within the bo<i^ wBl be weakw than with 
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mem .dosely qiaoed electrodes. He also finds that with the 
eleotrodes very dose to the body greater heating takes place 
on the body surface, and that if one electrode is placed close 
to the body and one further away, the greatest h^t is induced 
in that part of the body nearest the close electrode. This 
latter effect is possibly due in some measure to the distortion 
of field caused by ra^tion. 

Radiation from ultra-short wave sets is, in the author’s 
opinion, more important than has been fully realised in the 
past. Although radiatirm from the oscillator can be avoided 
by careful screening, with the type of spaced electrodes now 
used it is not possible to ayoid radiation firom the patient 
circuit with its attendant difficulties as regards the measure- 
ment of doisage, because radiation is not a constant factor. 
Thus if the eleotrodes are closely spaced, because the patient 
is almost a short-circuit capacitance; radiation will be negligible 
and in cemsequenoe any meter placed in the patient circuit 
will give a current reading in proportion to that passing 
through the patient. But if the electrode qsaoing is opened up, 
a radiation field is established so that the current measured is 
no longer representative of that flowing through the patient, 
the rad^tion being inversely a function of the patmnt capacit- 
ance and directly a function of the eleotarode spacing. 

As there does not appear to be any merit in using ultra- 
short waves, it is suggested that it might be more desirable to 
standardise on some wavelength between 10 and 20 metres — 
that is, short enough to have the advantages of condenser 
electro^, but long enough to be able to devise a useful dosage 
meter. The adoptimi of a common wavelength would enable 
statistioal evidence to frunish accurate, even if relative, dosage 
figures fmr different therapeutic applications. At present, with 
the variety <si wavelengths in use, it is almost an imposdble 
task to omidate the performance of one set with another 
without considerable esqperienoe with each type^of apparatus. 

The short wave eystem also allows of efficient hMtang by 
means of a coil field, the action being similar to that of tlw 
edd^y-ourrent frunaoe. Thus instead of a oemdenser output, 
a fimdble cable is connected across the on^t, termini and . 
wound in a omrveniettt form around part of tto bodty to he 
heated foirii a eofi output, t^ whfoh an; 



HIGH-FREQUENCY THERAPEUTIC APPARATUS 8tl 

a later section of this chapter, is particularly useful for the 
application of heat to the limbs. Here again, though, the ques- 
tion of dosage measurement is just as difficult on account of 
the radiation field that is established. 

Short-Wave Diathermy Apparatus. As short and ultra- 
short wave therapy apparatus is not yet standardised, we 
propose to describe briefly several equipments of the valve 
type. We might mention in 
passing, however, that even 
on short waves, spark appar- 
atus is still quite common, 
but in view of the fact that 
it must be regarded as obso- 
lescent we do not propose to 
include a description of any 
sets employing a quurk trans- 
mitter. 

Short-wave technique lends 
itself to simple methods 
encHTgy transfer through 
fiseder lines, and it may be 
more convexiient to separate 
the patient circuit fi»m the 
main transmitter as shown in 
Fig. 817, which shows a ^ort 
wave set with a screened 
feeder coupling transmitter 
output to patient circuit. 

Such feedein may be of the 
concentric tube, or screened 
twin type, although the FiovBa 817. 

latter will usually be found 

more convmiient, and they may be coupled to the output 
cirouit either magnetically or capadtatively. Tim particular 
circuit shown in Fig. 317 is that of an experimental model 
employing two water cooled valves and operating over a wave 
range of firom 2 to 8 metres, giving an luf. output from 
1*8 kW at 2'5 metres up to 8*4 kW <m wavdengths of 6 metres 
and abovoi As can be seen from the figure the drouit is a 
cmiventifmal s^-bsoillatw, tim v^ves forming ^ main tuning 
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oitroiiit capacitance, Ly L, the main tuning coil, and with the 
usual chokes in gnd, anode, and filament circuits. 

The “Ultratherm” Apparatus. A general view of this 
set, which is made by General Radiological Ltd., is shown in 
Fig. 318. 



Trotna 818 . 

It is designed to give an output of 300 watts at a fixed wave- 
length of 6 metres (60 megapyoles), and Fig. 319 shows a diagram 
of oonnections of the apparatus. As may be seen from this, 
the set. is a sdf-osdllidang vidve transmitter, fed from nn- 
rectified A.C., the stqpply to the filamnit (d the transmitting 
Vahre b^hg also A.C., taken from a tmrtiary winding on the 
nutiit^lioiKer transformer. As was mentioned prevknuly in 
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the main text, it does not appear to be very essential to ixse 
unmodulated li.f, current for diathermy work and hence it is 
a much more simple problem to build a power supply for a 
modulated output such as is shown in the diagram. 

The tuned and coupled output circuit is shown at LCj 
across which are connected at 1, 2 the patient electrodes in 
parallel. These may be of the con^nser-electrode type 
previously described, or a flexible-coil output may also be 
used. The condenser electrodes are shown in Fig. 318, held 
in position to a patient by a type of universal supporting arm. 



A thermo-couple type of ammeter is included in series with 
the patient circuit but, as has been explained previously, such 
an instrument cannot give an abcurate indication of dosage on 
ultra-short waves, on account of the radiation field present 
when the electrodes are altered with respect to the> body. At 
the same time a skilled operator can, with experience, obtain 
a useful guide to dosage by means of such an instrument. 

The control of power output is obtained, first by a careful 
setting of the patient electrode system, and secondly by a 
variation of the filament voltage to the oscillating valve. 
This is an unusual method of controlling output, and although 
most effective, as can be sew from Fig. 172, page 287, it is not 
a good method for the ordinaiy type of valve, as considerable 
secondlyBy emission takes place from the grid* No doubt this 
point' has been considered by the manufacturers, and possibly 
allowed for hi the design of the valve. 
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Although the “ Ultrathexm ” is nominally designed for 
diathermy treatment, the set can be used for the usual electro- 
surgical operations by the addition of appropriate fittings. 

** Intertherm.** In Fig. 320 is shown a genwal view of the 
“ Major Intertherm ” ultra-short wave diathermy set made by 
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Stanley Cox Ltd. This set operates on a wavelength of 6 
metres (60 megaoydes) and gives an output of 460 watts. 
, Fig. 831 shows a aimplifii^ diagnun ominaotiona of the appara- 
tus finstn which it k sem that the H J*. drouit is a stnig^- 
forward " push^poU ** type of self-osoillator, fi»d fitom nnieo^^ 
unamoothed, hi^ voltage A.C., throu(^ a mains transfflcmer IT}. 
Tbe valve filaments are also heatw firom an A.C. supply 
obtained fiiom a sepacate traosfonner diown at iTg. 
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The output circuit I/), coupled to the anode coil of the 
oscillator, has the patient terminals 1, 2 connected across it in 
parallel, and is suited 
either for condenser-elec- 
trode or inductiTe-ooil 
application, as previously 
discussed. An H.F. meter 
is coupled into the patient 
circuit as a means of 
indicating when the 
patient has been tuned 
in correctly. 

Power regulation is 
quite simply arranged 
for, by means of a tapped 
primary on the power 
transformer, the tap 
selection being by means 
of a radial switch Jt, and 
a thramal delay switch S 
included in the trans- 
former primary circuit 
and controlled from a 
winding on the iBlament 
transformer ensures that 
no H.T. power can be 
switched on until the filaments are up to full volt^. 

The “ Inductothenn.” This is made by the Vi^r X-ray 
Corporation and is specifically designed for diathermy 
treatment, although an attaohmmit can be provided foe a 
full range of surgioal work. The circuit far medical work is 
arranged for the application of high-frequencies by inductive 
coil coupling to the patient and no condenser output circuit is 
provided, the makers of the ai^ratus claiming that all forms 
oT diatihennio treatment can be adequately covered by their 
particularly adaptable form of coil. 

Tbegeneral view of the “Indnctotherm ” is shown in Fig. 822, 
which shows ihe iqiecial flexible coil. This cml, which is a 
multi-stirand, flex&le cable, heavily hunilated, can be formed 
in a variety of ways to suit the partacolar treatment required. 
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Thus it may be folded into a olosely-spaoed heliz, or into a pan- 
cake form, for intense local treatment ; or into an open form, 
for a general distribution of heating effect, such, for imtauce, as 
may be required for induoiog artificial fever. 

A general diagram of connections of the apparatus is shovoi 
in Eig. 323, from which it is seen that the H.F. circuit is a self- 
oscillating transmitter, fed from an H.T. supply derived from 
umectified A.C., the valve filament being supplied from a 
tertiary winding (not shown) on the power transformer. 
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The self-oscillator is a fairly conventionid type of Colpitts 
oironit, the patient “ Inductotherm ” cable forming the output 
H.F. iixductanoe. The average wavdength is of the order of 
25 metres (12 Mc/s), the actual wavdength beu^ determined 
the partioolar sl^pe in which the coil is formed and the 
r^idive position of the patient, but as has been explained in a 
previous section, within the limits previmuly specified, the 
actual frequency used for diathermy work k of little importance. 

The zMithod of ocmtrolliztg output is nov^ and oan be sem 
by ooni^larmg Fig. 323. It k observed fro^ thk that the fila- 
meik lekitn kad k ocmheeted to a aider on a^^^ R 
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in serieB with the seoondiuy of the main transformer, although 
the D.C. grid lead is oonneoted to the end of the secondary 
winding, point B. Thus as the slider is moved away from the 
point B the anode volts ate decreased and the grid negative 
volts increased, and presunaably a smooth reaction control is 
thus provided for the different power outputs. 

No output meter is included, but a neon tube indicator gives 
a clear indication when the set is delivering power to the 
patient circuit. Experience has shown that such a meter is 
no measure of heat generated in the tissues and its inclusion 
is therefore liable to lead to misinterpretation and perhaps 
faulty treatment. 



Ultra-Short Wave Magnetion Set The ultra-short 
wave set shown in Fig. 324 known as type UFGl, made by the 
Marconi Company, was designed, by one of the authors for 
path»l^g^«*l research, and contains some interesting features. 
The set uses a split-anode, magnetron valve,made by the M.O.V., 
Hammersmith, and it is arwmged to operate as a dynatron 
oscillator. Oscillating in this way (see page 378) it gives a high 
efficiency over its working wave-range, from 2-6 to 8*6 metres. 
The H.F. output obtained is 160 watts over the optimum part 
of the wave-range, that is from 3 -6 to 6 metres, and somewhat 

less on other wavelengths. » 

The power supply unit consisting of a transformer T, Fig. 
326,:supplying power to two con d ensers and (?* set for volta^ 

doublipit through two rectifiers Hi- and R| which ^ 

eopper^«de type, The valve filamtot is heated from A.C. 

and a sepaisd* twBisformer supplies current to the magnet 
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field w&idiiigB W Enough a Uu^ capacity copper oxide leotii^r 
in iiie secondaxy wind^. 
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that a universal movemeiit is possible in (vdor that the valve 
oan be. ooixeotly positicmed and orientated within the pole 
pieces to obtain evm heating. The H.F. circuit consists of a. 
variable inductance formed of U ” tubes, in parallel with the 
valve capacitance and with a small, variable, trimming con- 
denser. The coil assembly is moimted on an insulatii^; bar, 
and the wavelength changed by sliding the “ U ” tubes up or 
down a series of vertical members, mmiTniim inductance being 
obtained by inverting the “U” tubes on their slide4. The 
screened-twin feeder to the load is capacitatively coupled to 
the output through two variable condensers. 



A feature of the set is the necm-tube wavemeter which is 
incorporated in the panel of the H.P. unit. This wavemeter 
is removable by a simple half-turn and oan be used either as 
an absorption meter without the neon-tube, or with the tube 
in jdaoe, calibrations both with and without the tube being 
given on the smtles provided on the instrument. 

For t he sa& operation oi magnetron sets it is necessary to 
operate £tom a fiehl condition to one of lesser value 

to ensure th^ this procedure is carried out automatically, 
a saftty device is hiompotated in the set consisting cS a coil- 
operat5d cdntaotor^unit K, the operating coil being controlled 
throi^h contacts A, B, associated with the field-winding switdi 
& Tims untile the field is brought up to marim n m the 
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ooBtaotor reioams opBa and is only made when the field is set 
to maximnm. On reducing the field the contactor is held on 
1^ an auxiliary cdntact, but when reduced to “ oS ” the main 
is tripped by a second pair of contacts, and the operation must 
be repeated. 
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PROPAGATION OXTRVBS FOB WAVBUENGTHS OF 2, 4 AND 
6 METRB8 


Figures 326, 327 
and 328 show 
curves from which 
the field strength 
due to a transmit* 
ter on the ground 
(using a wavelength 
of 2, 4 or 6 metres) 
at a receiver 
elevated at various 
heights can be ob- 
tained, both when 
transmission is over 
earth (of average a 
and k) or over sea. * 
The heights (in 
metres) are indi- 
cated against each 
curve, values being 
givmi from 0 to 
2fi00 metres height. 
All curves are for 
1 kW radiated from 
a lu^ wave aerial, ^ 
and for values a- 
and K as indicated 
on the diagrams. 
Observn the greatly 
jncreaaed range ob- 
trnned on all wave- 


OVER LAND K-5 0-10'’ 



KILOMETRES 
CiTBVBS FOB 1 kW RaDUTBI). 
nacBES mt oubvbs mnnciAn rbiobt nr 

IfBIBBS OF TBAHSlUTiaB (OB BBCBIVBB). 
FtouBB 326. 
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\ 

\ 

— 1 1 — 1 1 

WAVELENGTH 

I 1 1 i 

1 1 1 

4 METRES 

1 1 1 



_ 

_ 

_ 


_ 

J 


koogtiha over aea, partioalarly when the aerials axe both at 
aero height. 

The set of onrves 

OVER LAND k»5 cT-IO ” . giv«n ^ ^0*“ 

w/i — I — ' — ' — I — — I — I — I — |db shorter distances 
% WAVELENGTH 4 METRES Buurwwr uiovauyoo 

— I — I — |__j — I — I — I — than the sample 

'•I'- 20 the 

main text, as it 

‘ 10 is oonsidec^ that 

^ 0 these distances are 

.jQ of more interest to 

the average experi- 
— -20 montalist. 

- l — ^ When both trans- 

' I I mitter and receiver 

■«* 20 40 ®0 100 are elevated above 

earth, the gam m 
field stroagth can 
be obtained by 


40 60 

KILOMETRES 



using the snp^* 
mentaxy curve of 
Fig. 829, os Fig. 
40, page 70, in the 
manner mcplained 
on page 71. It 
should be noted, 
however, that when 
the hei^t consid- 
ered is bebw the 
critical values of 
tibe earth's con- 
stants have ooQsid- 


CoBvas loa 1 kW IUsum>. erable effset and 


mnmss ar orarrai ommua aaisBT or ' the appropriate 
KBiaas 0* TBidrsionaa (oa waumsm) cntve given on 
PnniBB W. Fig. 829 aboald be 

used. For ffceat 

heii^ the enrve on page 70 should be used. In bo^ cases R 
is nseessixy to appfy the coxxeetimi figures given below the 
curves ibr sea and land. 
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CUBTSS JX>B IkW 
Raduted. 


ElOUBES BY OUBVES 
ABB BEtaHT IK METBE8 
OV 1BAK8MITTBB (OB 
BEOEIVEB). 

Fiqvbb 328. 



OVERSEA K-80 



Fiovbb 329. 

The foDowiaig mb the 
flgocee In deei^ to be 
■Atraoted: — 

WoTelength (metree) 

2 4 6 

db to be eabttaoted 
OmlsadO 2*2 3*7 
OmSie 13*0 1S*0 20*8 
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OPTIMUM WAYBLENOTH FOB OOMMUKIOATIOM' OVXB OISTABOBS 
BETWEEN 600 AND 6,000 KILOMBTBES 

The following cniwes are suitable only for distances between 
the limits mentioned above, and give only an approximate 
result, since they average the conditions over any given route. 

Daylight Conditions. When daylight spreads over the 
route between the stations being considered, both bending and 



attenuation have to be considered. Since the attenuation is 
least (m the shrarter wavelengths, the optimum wavelength 
win be one whidh is just above the skip waveloogth for the 
dhdanoe considraed. Vat any given distance, the day wave* 
lengih, limits wiU be found between the curves XT il^. 830. 
These curves apply to routes across t^perate latitudes and 
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during the sunspot minimum years. For tropical routes at 
all tunes and over routes in temperate latitudes during sunspot 
maximum periods, the Travelength selected from Fig. 330 should 
be leduoed by 20%. ' 

Having obtained the optimiun wavelength for the distance 
required, the field strength for 1 kW radiated can be found by 
reference to the curves A and J3, where these letters have the 
same significance as in the main text, namely sunlight and weak 
sunlight. 

Night Conditions. For communications over routes in 
darkness, the attenuation on all wavelengths is small, and the 
conditioning feature is bending, which is small. Fig. 331 
shows a group of limiting wavelength contours (i.e. for the 
l<mgeet distance) for difierent seasons, latitudes, and local times 
after sunset, both latitude and time being considered at a point 
midway betweoa the stations between which oommuniostion 
is desired. The midpoint time is found from the difference of 
longitude, namely 1** of longitude difference is equal to four 
minutes of time (remembering that longitude east, Greenwich 
time least), and the difference of latitude must be estimated 
knowing the latitudes of the stations concerned and their 
distance apart. 

The time after sunset for the midpoint of the route can be 
found ficom Table I which correlates these local sunset times for 
the different seasons and latitudes. 

The curves of Fig. 331 enable us to find the wavelength 
above which the bending is insufficient to return a ray to earth 
over the longest possible distance. Having found, this limiting 
wavdength, or what is virtually the maximum eleotron dmudty 
at the centre part of the route, reference can then be made to 
the skip curves of Fig. 55 page 99 to determine the minimum 
wavelength for the particular distance ccmsideied. This wave- 
length will of course be greater since the contour linea of 
Fig. 831 represent the limiting conditions for the most oblique 
ai^^ of incidence. 

Having selected a wavelen^h that satisfies the boundary 
conditions, the ^^obable field strength can be ascertained firmn 
Table l£, the strength being approximate^ the same for 
a]l wavdengths between 26 and 50 metres. This is so, because 
it is tile of the ray alone which determines the com- 

* 



Local Sunset Times (24 hours) at various Latitudes. 
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nunication. The leoeived signal will, in general, be fadii^ and 
hie field stxengths given in Table II are the highest vahies to 
rhioh the field strength is likely to rise. These field strengths 
ire for 1 kW radiated from a half wave aerial, so that with 
imaller or greater powers, the necessary correction must be 
nade for this. 


Table II. 

Approximate Night Field Strength values for 1 kW radiated 
(peak values) for all wavelengths between 26 and 60 metres 
^m half wave aerial. 


Distance. Kilometres. 

Micro- Volts per metre. 

600 

1000 

600 

600 

700 

400 

800 

300 

900 

260 

1000 

226 

1600 

166 

2000 

108 

2600 

84 

3000 

67 

3600 

56 

4000 

47 

4500 

41 

6000 

36 


Ezamide. Select a suitable wavelength for communication 
etween London and Stockholm at 9 p.m. (2100) London, on 10th 
lecember. Obtain the field strength for 100 watts radiated firom 
' half wave aerial. 

The mid-latitude is approximately 66° and thS distance 1,600 
ms. The longituds diSerence between London and Stockholm is 
8° and the impoint time which is 9° E of London is 36 minutes 
kter them 9 p.m., say 9.30 p.m. To find the hour this is after 
onset, refer to Table I. This gives us for a latitude of 66° for 
2th December a time of 1600, cmd thus the mid-latitude time is 
} hours after sunset. 

Befecring nuw to Fig. 331, Winter, we see that the limiting 
'avelengtii for latitude 66°, 6| hours after sunset is 32 metres, and 
y re&raioe to Hg. 66, for a Stance of 1,600 kms, we follow tim 
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82 metire oontonr, ouinre 4, whioh pres for this distanoe » minimnin 
w»Teleiigth for oommuoioation of 60 metreB. 
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From Table 11, the peak field stren^ for 1 kW radiated is seen 
to be 166 mioro- volts per metre, bnt sinoe the poww os^ is only 
100 watts, the field strangth will be : 



X 166 


46 microvolts par metre. 
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OALOULATIOK OB' THK OHABA.OTBBISTIO BBSISTANOB OV 
VBBDBRS ntOM DIMBNSIOKS 

(1) Twin Parallel Wires. The ospaoity per om. between 
two parallel wires far removed from other oouduotora is 

electro-static units 


4 log, ^ 

where dsssdistance in cms. between centres of wires, r is radius 
of wires (cms.) 

Qy ^ farads (in air), or 

4 X 9 X 10^1 X 2 *303 logio ^ 


10 -“ 


farads. 


828 logic ^ 

The inductance per cm. of two wires forming a loop is 4^ log^ 
E.M. units ** 

= 4 X 1 X 2*303 X 10^ logic ^henries “r) 


9*212 X l(r» logic ^ 


Hence R, is 


9*21 X 10-» logic;: d 

L = 276 logic - ohms 

10 -“ »■ 


828 lOgic;^ 


Tliis foormnla Is accurate down to a ratio d/r of 4/1, and Fig. 
882 slm^ a carve of plotted against the ratio d/r, obtained 
by nsiz^ tiie a)K>ve formola, but ooixeoted fat ratios telow 4/1. 
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Four-Wire Feeders. With four-wire feeders, the wires 
may be run either with the go and return wires adjacent, as 
shown in Fig. 333a, or diagonally, as shown in £1g. 333b, 
where d is the horizontal distance Iwtween wires, b the Tertioal 
distance, and r the wire radius. 

From a knowledge of inductance and capacity of the wires, 
the surge impedance can be derived for either type as with the 
twin wire feeder, and the values obtained are as shown by the 
formulae below each figure. 


ADJACENT 


DIAGONAL 



(a) ( 6 ) 

Fiouhx 333. 


138 log 
When d — b 
R, = 138 log 


ADJACENT 


b r 


y/2d 


DIAGONAL 


R„ = 138 log 
When d = 6 


db 




= 138 log 


r-v/2 


The curves for four-wire feeders are shown in Fig. 334, 
firom which it is observed that both have a smaller surge 
impedance than the twin wire ; that the values for jB, approach 
equahty when the ratio d/b is very small ; that the curves for 
the adjacent spacing rise to become asymptotic to values for a 
twin wire when the spacing of d/b is large ; and that an increase 
of the ratio d/b decreases the suige impedance of the diagonal 
spaced feeder. 

In general this will mean that fmr diagoxud iqpaoed feeders 
it wiU be detdrable to keep up the ratio d/b, whereas for adjacent 
spac^ag. it shtiaikl be kept down, but in both oases, a value of 
d/b of unity is a good starting point for consideration. 
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Power Ratings of Open-Wire-Peeders. The ohoioe of 
Sseder dunennons is governed by both practical and technical 
oondderations. It is dear that in a transmission line the 
twin wires, when stretched between supports, must be far 
enough apart to avoid the risk of swinging together in high 
winds : about 6 in. separation is the safe minimum, for low 
powers, while 10 in. or 12 in. is the normal limit in the other 



direction, after which the cross arms, etc., become rather 
dumsy. In the case of reception the conductors require to 
be brought as dose together as posable, in order to reduce 
i>he pick-up of other and unwanted signals ; normally about 
If in. is a satisfactory separatbn, and as this is so iwwb. 11 it is 
necessary to introduce separators every ten feet, more or les s, 
in order to keep the wires apart. Returning to transmisaicm 
lines, the main technical consideration is the need to keep 
ytdtages down on high powers, in order to reduce the ^den(y 
tio tordi disduu^ and dash-overs ; this can only be eiECeoted 
Iqr making the impedances low, hence the use of four-wire lines 
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for very powers. A more direct means of overooming 
the efieots of high voltage is to iucrease the diameter of the 
wire as far as economical considerations will permit, since, 
very roughly speaking, the tendency to torch discharge and 
flash-over varies inversely as the conductor diameter. Of 
course, increasing the diameter of the conductor reduces the 
surge impedance, but this effect is comparatively slight, and 
must not be confused with the main reason. Generally 
speaking No. 6 gauge wires separated 12 in. represents the 
upper practical limit for twin wire feeders, and this size of 
feeder will be good for 60 kW telephone carrier power, 
provided the feeder is properly terminated. 

It is not economical to use four-wire feeders except for high 
powers, above 50 kW. For 50 kW we could use 10 gauge wire, 
and for 100 kW 6 gauge. 

Table I gives an indication of the telephone power ratings 
of various wires for a twin feeder and the spacing of various 
gauge wires for various ratios of <2/r. 


TabIiB I 


Qaoge 

of 

Wire 

Radiufl 

r" 

300 j 

1 1 

1 

' 260 “ 
1 

d' for 

■‘ 200 ” 

1 

ratios d 

1 

. It oil 
100 

^ 1 

75 

1 

i 

50 

1 

Power 

Eating 

kW 

Recom- 

mended 

Imped- 

ance 

18 

•024 

7-2 


4-8 

3-6 


■ 



550 

16 

•032 

16-6 

8-0 

6-4 

4-8 




1 

•25 

600 

14 

•040 




60 

4-0 

30 

20 

1-0 

M 

12 

•052 


130 

10-4 

7-8 

5-2 

3-9 

2-6 

50 

M 

10 

•064 



12-8 

9-6 

6-4 

4-8 

3-2 

25-0 

99 

6 

•096 




14-6 

9-6 

7-2 

4-8 

50-0 

670 

0 

•162 





16*2 

1 ’ 

120 

81 

80-0 

630 

Mo 

ra 

665 


635 



520 

475 




Note. — d and r in ineku. 

Bzanoyple. 

1. Find a suitable feeder for 2 kW to match a 650 drouit. 

Frpm ourval, a 650 ohm feeder a ratio of d/r of approxi- 
mate' 100/1. Thus a 12 gauge pair spaced 6*2 inones wo^ be 
■nitahle. 

T* 
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1 

(2) Concentric Tubes. Capacity per cm. = * 

E.S. units, 2 log, -* • 

140 
130 

120 
no 
100 
90 
80 
70 

60 
50 
40 

30 
20 

10 

-Vi ^ lO/i 

Ftatms 336. 



where r, is iimer radius of outer tube, and is outer radius 
of inner tube, and dielectric is air. 


Capacity per cm. 


10 -“ 


9 X 4-606 logio 
10 -“ 


farads 


41 -46 log,, ^ 


-farads 
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Inductance per cm. 

= 2 log,— E.M. units 


= 2 X 2-303 X 10^ logio— henries 


== 4*606 X lO^logio— henries 




606 X 10-» X 41 -46 , r* , 

logic ~ ohms 

10“ * r, 


138 logio 


Kg. 336 shows plotted against the ratio - 
• 


Example. Knd Ro for tubular feeder if outer dia. = 3^', and 
inner dia. f*. 

*1 = — = 4*1/1, A, = 84 ohms, 
r, -875 
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PBBDBB THEORY WHEN R AKD O ARB AliLOWBD FOB 


The complete theory for a line when conductor resistance 
R and leakage conductance O between conductors are allowed 
for is developed in many text-books and the results most 
often required in radio-frequency feeders are set forth here for 
reference. 


The characteristic impedance becomes 


4 




whilst 


ja)C 

the propagation constant (the equivalent of m in our equations 
on page 131) is P— s/{R + joaL) {O + ja>C). If P be split up 


into real and unreal parts a and j3, then 

« = I ,y/lR*~T^L*TW + - (c^*LC-EO) } 

a is called the attenuation constant, because the maximum 
value of the voltage at any point x along an infinite (or correctly 
terminated) line is related to the maximum value of the 


generator voltage by the equation E,—Ege~^ . . (1) 

and similarly /,== . . (2) 

The loss in a correctly terminated line of length I is therefore 
given by ; 

I E 

Loss in decibels « 20 logjo or 20 logio sT 

Ejt 

» 20 logi, 20 x 0 -4343 al 

ar 8 -686 . . . • (3) 

If the frequency be so high that w*L* » P* and «*<7* » G* 


aiidJS,beo<Hnes 



that is, the P, of our simplified anafysis 


666 



APPENDIX IV 


567 


PI O 

of CJhapter VI, so that a + -yP, . . . (4) 

P 

or, if O' is neglected, a = , . i (6) 

Bussell has derived a formula for the A.O. resistance of 
concentric tubes which for the high frequencies become 

P^= i“dte per cm. . (6) 

where radius of inner conductor in cms. 

„ r, „ outer „ „ 

If the conductor is copper (resistivity 1*7 microhms per cm. 
cube) and the dielectric has unit permeability, then resistance 
per km. in ohms 

= 41-2x10-*^/ + • • (7) 

We can now write a in terms of feeder dimensions ; 


41-2x10-7/ (-i+-i) 


2 X 138 logio ” - 


ji 

-14-9X10-7/ (A+A 


. (8) 


and hence, attenuation per km. in dbs. 

-1-20x10-7/ — — ^ ■ ■ ■ ■ m 

^ logio ^ 

If we prefer to have an expression for the power effidency 

of the line, that is, we can write (9) in die form 

Power mput 

-(" + ■-) ■ 

-1-30X - . 

log 


frdbe. 

1 <r' 


this equation tefening to a km. lengdi of feeder. 


. ( 10 ) 
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Let us now assome the outer radius r, to be fixed, and in- 
Testigate the effect of yaiying denoting the ratio by x. Then 
equation (9) may be written (for a fixed frequency). 


Attenuation in dbs. per km. — y— 


^ (a; + 1) 
logic « 


and this will be a minimum when 


dy 

dx 


= 0 


i.e. when 


ilogio* — + ^ 

(logic a:)* 


= 0 


or logic a: = 


( 11 ) 


a: + l 

Sic*— ^ . . . 

This equation is solved by the value 3 *6. 

a? 4“ 1 

In the curve of Fig. 336 is plotted against x, so 

that the variation of attenuation with ratio may be seen. 



X-RATO DIAMETER 


FfQVBB 336. 
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The curve shows the great increase of attenuation if too 
small a ratio is used. 

The resistance of parallel wire feeders may be worked out 
by considering each wire separately, using the formula (6) 
and putting oo. This method ignores earth current losses 
and the proximity effect of the other wire, this latter effect 
being usually small. By a similar procedure to that adopted 
above, the attenuation in dbs. per km. 


1 30 X 10^ 




( 12 ) 


and efficiency per km. is given by 

-1-30 X 10-® 
^Ogto <7== - 




rlog 


10 


(13) 


When R and Q are allowed for, the equations for voltage 
and current along an open-circuited fine become : 


From (16), 


Ej = Eq 



cosh P(1 — x) 
cosh PI 
sinh P(Z — x) 
cosh PI 


Ig tanh PI 


(14) 

(16) 

(16) 


and hence the impedance across the sendmg-end is given by 


= Z„ coth PI . 

Similarly, for a short-circuited fine 


E,=Eg 


sinh P(l — x) 
sinh PI 


Eg cosh P(i — x) 
sinh PI 

h =|2cothPl . 

A 


(17) 


(18) 

(19) 


. ( 20 ) 
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Z„ — Z„ taoh PI .... (21) 
and, from (17) and (21), Z„ = '\/Z^Z„ . . . (22) 

Equation (17) can be expanded into 

= Z, ooth(a + 3^)1 
_ ^ oosh 0(2 oos ^ + i sinh td sin ^2 
sinh 0(2 oos ^ oosh o(2 sin ^ 

X TT 

If 2 = -, that is, P2 = — , this beoomes 

Z^ = Z, tanh al (23) 

Similarly Z„ = Z, ooth a2 (24) 
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VALVBS BOB SEOBT AED UliTBA-SHOBT WAVBS 

Thx design of valves suitable for short-wave work calls for 
special attention (as has been made clear in the main text) and 
limitations in the standard design of valve developed for lower 
frequencies have necessitated changes in the mechanical 
structure of valves even when the transit time does not impose 
a limit to the frequency of operation. 

A high mutual-conduotance and input impedance are 
required and leads to anode, cathode and grid must have small 
inductance and capacity. In receiving valves it is desirable 
to bring the grid lead out separately as is done in the grid 
“ top cap ” type. 

Suitable types of valves for short-wave and U.-S. wave 
receivers are shown in Table I. 

The design of transmitting valves is even more difficult, as 
power considerations necessitate larger physical dimendims. 
Transmitting valves may be classified into four main groups, 
according to the way in which the heat produced at the anode 
is dissipated. Examples of each group axe shown in Figs. 
337 to 340, and in Table 11 is given a selection of i^ical 
valves suitable for short and ultra-short wave traxumitters. 

Group 1. Glass Valves with Radiation-Cooled Anodes. 
The air-cooled glass valve is generally speaking the cheapest 
valve to produce and it is suitable for most lower povier 
installations. The anodes axe usually of molydenum (xe carbon 
and in many oases the glass envelopes have all metaUio dejXMsits 
washed out after manufrMture. At higher radio-frequendbs, 
eddy ourzents drculate in these deposits and produce hot spots. 
If the vadiing-out prooew has not bem done it is desirable 
to endose ^ valve with a cc^per-strip or copper-gauze jacket. 
This has the effect of equalising the potential distxibuti<m 
over the g^ass suifooe, it not being necessary for such a jacket 

aei 
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to be oonneoted to earth. The filammt, aaode and grid "An-l" 
nvust be adequate to carry the high-firequenoy cun^t through 
the valve in addition to the feed currents, and valves are oft^ 
designed with the grid seal weU removed from the filament 
seal. For valves up to some 200 watts dissipation it is, 



ItocaE 337. — Air-ooded D.E.T.12. 


g^rally speaking, not necessary for forced air-draught to be 
used and it is not necessary to nfise the filament voltage in 
steps when switching on. 

Group 2; Anode Cooled by Air Convection. One of 
the dis^vaiita^ of the air-ooo^ glass valve is that the 
lead frosn the anode through the seal is, of neoennty, of high 
inductance and small onxrent-carrying capacity. With the 




2 3 4 6 

Fkktbi 338.— Examplea of Pentode PFansmitting Valvee. 
1. Air-cooled ; 2 and 3. Air^oooled-anode (oonTeotion) ; 

4 and S. Water-oooled-aoode. 


inoreaBed radiation by bolting an attadunwt on to the anode 
proper, as shown in Fig. 336, 2 and 8. 

Group 3. Anode Cooled by Forced Drought The 
output £om valves in Group 2 can be increased by the applica- 
tion of a forced drau^t around the anode and on to the other 
seals. This ffliables the dissipation-rating of the valve to be 
inoreased by some fifty per cent., Fig. 339 showing a typical 
example. 

Group 4 . Anode Cooled by Forced Water*Clrculatioa 

Wuter cooling is the most effective and hence all valves having 
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the highest dissipatioii-ratiiigs will be of the water-oooled type. 
Valves capable of dissipatiiig 160 kW are used successfully in 
short-wave transmitters. An interesting feature in the design 
of such a valve of the largest type is that the water-column 
thickness between anode and jacket is only about one-qTiarter 



ItoCBS 339.— Air-oooled-anode foioed dianghiv A.C.T.10. 

of an inch, the side of the valve being fluted or ribbed so as to 
encourage aeration of the water. Figs. 388 and 340 show 
ftxamples of huge and small water-cooled valves suitable for 
short waves. 

Valves for Very High PrequeAdes. In order to produce 
a valve suitable very hi^-fipequency ampliflcatkm the 
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R.C.A. devebped the so-called. “ Acorn ” type of valve shoiim 
in Fig. 342, introducing what is now known aa the ring type 
of seal. This ring seal is made by pressing the edges of two 
cup-shaped glass envelopes together, the leading-in wires being 



C.A.T.16. 0.A.T.17. 

Eiottbi! 340. — Water-oooled-aaode. 


disposed fan-wise around the edge of these cups. By such a 
design the yarious bads can be separated from (me another as 
muoh as possibb, thus reducing the capacity between them. The 
oonneetbns axe also very direct, thus reducing the inductance, 
and the form of valve holder used adds littb to the capacity 
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and iadiiotaaoe and ia of a low-loss material. The principle 
on which the “ Aconi ” valve is designed is the so-called 
principle of similitade. It has been shown that if two valves 
are (xmstracted which are similar, except that all the linear 

dimensicms of the electrode stmotuie of one valve are - th 

n 

those of the other, then both valves will have similar values 
of anode resistance, amplification factor and mutual conduct- 
ance. Inter-electrode capacitances and electron transit-time 



between the various electrodes will, however, be divided by 
this fiMstor n. Of course, the anode dissipation and the cathode 

emission of the smaller valve will (mly be ~ that of ihe large 

valve. 

Valves employing this pthioiple are built both for trans- 
mitting and receiving work and Figs. 341 and 842 indicate 
typical valves of each dass. And selected examples of such 
types axe shown in Table n. 
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